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RESUMO 

 

O câncer gástrico (CG) está entre as neoplasias mais incidentes do mundo, sendo considerado 

o quinto tipo de câncer mais frequente e quarto mais letal no mundo. Apesar dos benefícios 

terapêuticos observados na adição da quimioterapia/quimiorradioterapia a cirurgia, as taxas de 

recorrência local e do aparecimento de tumores em sítios distantes continuam elevados. Dessa 

forma, o estudo de novas terapias deve ser incentivado com o intuito de oferecer novos 

tratamentos a indivíduos não responsivos aos esquemas atuais. Estudos vem avaliando o 

reposicionamento do anti-helmíntico Mebendazol (MBZ) na clínica oncológica, 

demonstrando seu alto potencial antitumoral em diferentes tipos de câncer, incluindo o CG. 

Apesar de vários alvos já terem sido relacionados ao mecanismo de ação desse fármaco, seu 

potencial sobre a reprogramação do metabolismo tumoral e sob e regulação dos transcritos na 

linhagem tumoral metastática gástrica AGP-01 ainda não foi elucidado. Dessa forma esse 

trabalho tem como objetivo avaliar novos alvos farmacológicos do MBZ na linhagem 

metastática gástrica AGP-01, por meio das análises do perfil metabólico e molecular in vitro e 

in silico, assim como, do transcriptoma dessa célula após o tratamento com o fármaco. 

Resultados mostraram que o MBZ tem atividade antitumoral e seletiva a linhagem AGP-01, 

tendo a capacidade de modular o metabolismo tumoral pela inibição da expressão de enzimas 

da via glicolítica (SLC2A1, HK1, GAPDH e LDHA) e da síntese de nucleotídeos (PRPS1, 

TYMS, MTHFD1, DHODH e HPRT1) em tempo não citotóxico. Os transcritos que codificam 

para essas enzimas, quando hiperexpressos tem relação com um pior prognósticos em 

pacientes com CG. Os dados também demonstraram que, após a inibição da expressão desses 

transcritos, o MBZ leva a alterações morfológicas, aumento na fragmentação da membrana 

celular e diminuição do potencial de membrana mitocondrial, em conjunto com a ativação de 

Caspase 3/7, parada no ciclo celular em G0/G1 e diminuição na formação de colônias, 

mostrando uma relação entre a atividade antitumoral do MBZ e sua capacidade de modulação 

do metabolismo tumoral. A análise do transcriptoma da célula AGP-01 após o tratamento com 

o MBZ demonstrou que esse leva ao aumento na expressão dos genes CCL2, IL1A e 

CDKN1A, enquanto os genes H3C7, H3C11 e H1-5 tiveram sua expressão reduzida de forma 

significativa. Essas alterações foram validadas por PCR em tempo real, a análise de expressão 

em bancos de dados demonstrou que a baixa expressão de ILI1A e a alta expressão de H3C11 

e H1-5 está associado a uma menor expectativa de vida dos pacientes com GC. Dessa forma, 

os dados encontrados até o momento demonstraram que o fármaco MBZ altera o metabolismo 



 
 

tumoral da linhagem AGP-01, tendo relação com sua atividade antitumoral e antiproliferativa 

e que o fármaco modula a expressão gênica de proteínas histonas e citocinas inflamatórias, 

indicando um possível efeito epigenético e imunológico em células tumorais. Os achados 

demonstram novos alvos do fármaco MBZ ainda não descritos na literatura, podendo levar ao 

melhor esclarecimento do seu mecanismo de ação e beneficiar clinicamente pacientes com 

CG que não respondem as terapias atuais. 

 

Palavras-chave: Alvo farmacológico; Câncer gástrico; Reposicionamento de fármacos; 

Reprogramação metabólica; Transcriptoma. 



 
 

ASSESSMENT OF THE MEBENDAZOLE DRUG’S NEW TARGETS IN THE 

TREATMENT OF GASTRIC ADENOCARCINOMA 

 

ABSTRACT 

 

Gastric cancer (GC) is among the most common cancers in the world, being considered 

the fifth most common and fourth most lethal type of cancer in the world. Despite the 

therapeutic benefits observed in the addition of chemotherapy/chemoradiotherapy to 

surgery, the rates of local recurrence and the appearance of tumors in distant sites 

remain high. Therefore, the study of new therapies should be encouraged to offer new 

treatments to individuals who are not responsive to current regimens. Studies have 

evaluated the repositioning of the anthelmintic Mebendazole (MBZ) in the oncology 

clinic, demonstrating its high antitumor potential in different types of cancer, including 

GC. Although several targets have already been related to its mechanism of action, its 

potential in the reprogramming of tumor metabolism and the regulation of transcripts in 

the AGP-01 gastric metastatic cell line has not yet been elucidated. These findings may 

provide new dimensions to the pharmacological potential of MBZ, as well as clarify its 

mechanism of action in vitro. Therefore, this work aims to evaluate new 

pharmacological targets of MBZ in the AGP-01 gastric cancer cell line, through the 

analysis of metabolic pathways and the transcriptome of this cell after MBZ treatment. 

Initial results showed that MBZ has antitumor and selective activity against the AGP-01 

cell line, modulating the tumor metabolism by inhibiting the expression of enzymes 

from glycolytic pathway (SLC2A1, HK1, GAPDH, and LDHA) and nucleotide synthesis 

(PRPS1, HPRT1, TYMS, and DHODH) in a non-cytotoxic time. These enzymes, when 

overexpressed, are related to reducing the overall survival rates of patients with GC. 

Data also demonstrated that, after transcription inhibition of these enzymes, MBZ leads 

to morphological changes, increased cell membrane fragmentation, and decreased 

mitochondrial membrane potential, in conjunction with Caspase 3/7 activation and cell 

cycle arrest. in G0/G1, showing a relationship between the antitumor activity of MBZ 

and its ability to modulate tumor metabolism. Analysis of the AGP-01 cell line’s 

transcriptome after treatment with MBZ demonstrated an increase in the expression of 

the CCL2, IL1A, and CDKN1A genes, while the H3C7, H3C11, and H1-5 transcripts 

had their expression significantly reduced. These modifications in the mRNA 

expression were validated by Real-Time PCR, and expression analysis in online 

databases demonstrated that low expression of ILI1A and high expression of H3C11 and 



 
 

H1-5 are associated with a reduction in overall survival rates in patients with GC. Thus, 

the data found so far have demonstrated that the drug MBZ alters the tumor metabolism 

of the AGP-01 cell line, being related to its antitumor activity, and that MBZ modulates 

the gene expression of histone proteins and inflammatory cytokines, indicating a 

possible epigenetic and immunological effect in tumor cells. The findings demonstrate 

new targets of MBZ that have not yet been described in the literature, leading to a better 

clarification of its mechanism of action and to benefit clinically patients with GC that 

do not respond to current therapies. 

 

Keywords: Drug Repurposing; Gastric cancer; Metabolic reprogramming; 

Pharmacological target; Transcriptome.
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1 FUNDAMENTAÇÃO TEÓRICA 

 

1.1 Câncer 

O câncer é um termo utilizado para caracterizar um conjunto de mais de 200 

doenças que possuem em comum algumas da características como a capacidade de 

crescimento desordenado e o aumento no potencial migratório e invasivo, podendo 

situar outros sítios do corpo que não o seu sítio de crescimento primário, destacando seu 

potencial maligno (Sameri et al., 2021). O câncer pode ser classificado de acordo com o 

tecido de onde se origina, visto que quando essa doença de desenvolve de célula do 

tecido epitelial (pele ou mucosa) é denominada como carcinoma, quando se desenvolve 

de tecido conjuntivo (osso, músculo ou cartilagem) é denominado sarcoma. Ainda pode 

ser derivado de tecidos precursores de células hematopoiéticas e de células do sistema 

imune, conhecidas como leucemias e linfomas/mielomas, respectivamente (Carbone, 

2020; Gupta; Dwivedi, 2017; Hassanpour; Dehghani, 2017). 

No desenvolvimento da neoplasia, ocorrem modificações que levam a 

progressão celular, as interações do tumor com o ambiente tumoral também são 

alteradas, isso resulta de disfunções em genes vitais que teriam como função manter a 

homeostasia tecidual. As mutações ocorrem em genes conhecidos como proto-

oncogenes e em genes supressores tumorais, isso acarreta na proliferação celular 

descontrolada e permite a aquisição das características das células cancerosas 

observadas na maioria das neoplasias (Kontomanolis et al., 2020). 

Proto-oncogenes, são genes que modulam características como proliferação 

celular, sobrevivência e a capacidade de invasão e motilidade das células normais, por 

isso a expressão desses genes é cuidadosamente regulada para evitar a proliferação 

celular desordenada (Stasevich et al., 2021). Quando mutados, esses genes são 

denominados como oncogenes, causando hiperproliferação celular, aumento da 

capacidade de sobrevivência e disseminação devido ao descontrole na maquinaria de 

divisão. Esses genes são fenotipicamente dominantes, sendo necessária apenas uma 

mutação em uma de suas cópias para alterar o fenótipo. Esses podem ter sua expressão 

intensificada através de modificação na sequência do gene, de uma amplificação desse 

gene no genoma da célula ou pela translocação do mesmo para outra região, aonde sob a 

influência de um novo promotor pode ter aumento na produção de transcritos 

(Kontomanolis et al., 2020; Wang et al., 2018). 
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Por sua vez, os genes supressores tumorais (Tumor Supressor genes, TSGs), tem 

como função inibir/diminuir a proliferação e a sobrevivência celular por estarem 

relacionados com a repressão de processos como ciclo celular e controle de vias de 

morte, tentando assim, manter a homeostase do organismo e a sua integridade celular. 

Em 1997, Kinzler e Vogelstein dividiram os TSGs dentro de duas categorias: os genes 

guardiões (gatekeepers) que controlam o progresso celular, através de ciclos de 

crescimento e divisão e os genes cuidadores (caretakers), que possuem a função de 

manter a integridade do genoma celular (Kinzler; Vogelstein, 1997). Quando esses 

genes são inativados tendem a aumentar a vantagem de crescimento seletiva das células 

mutadas sobre as células normais (Wang et al., 2018). 

Os TSGs são fenotipicamente recessivos, ou seja, é necessário o silenciamento 

de ambas as cópias do gene para levar ao desenvolvimento da doença. A inativação de 

apenas uma cópia do gene é geralmente seguida pela perda da cópia restante, levando 

assim, ao surgimento do fenótipo tumoral (Morris; Chan, 2015). Podem sofrer 

inativação por diversos mecanismos, como deleções locais ou em larga escala e pela 

perda de heterozigosidade, modificações epigenéticas, introdução de códons da parada 

em regiões aleatórias da sequência ou pela modificação no quadro de leitura 

(frameshifts), além disso, essa inativação pode ocorrer por mutações em íntrons que 

inativam sítios de splice de pré-mRNA, levando a formação de proteínas não funcionais 

(Kim, Soo Yeon et al., 2019; Vogelstein et al., 2013). 

Dessa forma, com o intuito de melhor entender a natureza do câncer e assim 

traçar novas terapias contra a doença, em 2000, Hanahan e Weinberg descreveram seis 

marcas características, do inglês hallmarks, do desenvolvimento do câncer, dentre elas 

estão: evasão da via apoptótica, alto suficiência em sinais de crescimento celular, 

insensibilidade a sinais que impedem o crescimento, invasão tecidual e metástase, 

potencial replicativo ilimitado e a capacidade das células cancerososas em criar novos 

vasos para nutrir o tumor (Hanahan; Weinberg, 2000). 

Cerca de 11 anos depois, os mesmos autores adicionaram quatro novas 

características dentro de duas classes, uma delas ficou conhecida como a das 

características facilitadoras do desenvolvimento do câncer o que inclui a instabilidade 

genômica e mutação e a inflamação promovida pelo tumor como hallmarks, e dentre as 

características emergentes foram descritas a desregulação do metabolismo celular e o 

mecanismo de escape do sistema imune, todas estando relacionadas ao processo de 

tumorigenêse (Hanahan; Weinberg, 2011). 
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Mais recentemente, Douglas Hanahan publicou uma nova versão do estudo, 

baseado nas pesquisas e no conhecimento adquiro sobre o câncer nos últimos anos, 

outras características surgiram como essenciais para o desenvolvimento e progressão da 

célula tumoral. Como novas características emergentes temos o desbloqueio da 

plasticidade fenotípica e a senescência celular, já entre as novas características 

possibilitadoras do desenvolvimento do tumor a reprogramação epigenética não 

mutacional e o microbioma tumoral (micróbios polimórficos) entram como agentes 

essenciais para o processo de carcinogênese (Hanahan, 2022). Na figura 1 abaixo são 

ilustradas todas as características associadas que os tumores têm em comum e que estão 

relacionadas ao desenvolvimento de diferentes tipos de câncer. 

 

Figura 1. Características fenotípicas associadas ao desenvolvimento do câncer. Na figura são 

descritas todas as características relacionadas ao desenvolvimento do tumor elucidadas até agora, em 

preto temos as características originais, publicadas em 2000. Em cinza as características elucidadas em 

2011, e em vermelho as mais recentes. 

 

Fonte: Adaptada de Hanahan (2022) (Criada com (BioRender.com). 

Devido a sua importância para o desenvolvimento e progressão tumoral, as 

mesmas tem sido amplamente estudadas como alvos farmacológicos para a terapia do 

câncer (Hanahan; Weinberg, 2000). 
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1.1.1 Metabolismo tumoral 

 

A desregulação do metabolismo tumoral foi descrita pela primeiramente pelo 

médico fisiologista Otto Warburg como uma marca relacionada ao desenvolvimento do 

câncer (Warburg, 1956; Warburg; Dickens, 1931; Warburg; Wind; Negelein, 1927). 

Essa reprogramação tem como função principal permitir o crescimento e divisão 

contínua das células tumorais, pela modificação do fluxo de vias bioquímicas celulares 

e ao aumento na produção de intermediários biossintéticas e assim, de macromoléculas 

essenciais para o desenvolvimento celular (Yang et al., 2024). 

A reprogramação tumoral está intimamente ligada a ação de oncogenes e a 

diminuição na expressão dos TSGs, essa ação em conjunta leva a modificação no 

atividade de diferentes vias biossintéticas, como as relacionadas a produção de ácidos 

graxos, aminoácidos, nucleotídeos e energia na forma de adenosina trifosfato (ATP) 

(Kocianova; Piatrikova; Golias, 2022; Yang et al., 2024). Devido a dependência 

tumoral pelos intermediários biossintéticos gerados por essas vias para o seu 

crescimento e propagação, muitas destas têm sido estudadas como fonte de novos alvos 

terapêuticos, com destaque para as vias glicolítica e a de síntese de nucleotídeos (Wu, 

Huai-liang et al., 2022; Zhang, Guilian et al., 2022). 

 

1.1.1.2 Via glicolítica 

A via glicolítica, ou glicólise, consiste em uma série de dez reações 

bioquímicas no citosol na qual ocorre a oxidação de glicose, levando a produção de 

duas moléculas de piruvato, quatro moléculas de ATP e duas moléculas equivalentes de 

dinucleótido de nicotinamida e adenina (NADH+) por molécula de glicose, esses por sua 

vez podem seguir para outras reações que ocorrem na mitocôndria ou serem reduzidos a 

lactato dependendo da quantidade de oxigênio disponível (Chandel, 2021a). 

Como visto, o pesquisador Otto Warburg foi o pioneiro no estudo das 

alterações no metabolismo de células tumorais quando comparadas as células normais. 

Em relação a via glicolítica, esse verificou que em condições aeróbicas (presença de 

oxigênio) as células normais metabolizam glicose, primeiramente em piruvato, pela via 

glicolítica e então em dióxido de carbono (CO2) na mitocôndria, através de um conjunto 

de reações conhecidos como ciclo de Krebs/ciclo dos ácidos tricarboxílicos (TCA), e 

sem seguida pela fosforilação oxidativa (OXPHOS). Já em condições anaeróbicas 

(ausência de oxigênio), a glicólise é priorizada, e a concentração de piruvato enviado à 
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mitocôndria diminui. Entretanto, nas células tumorais, mesmo na presença de oxigênio, 

ocorre uma modificação metabólica e a produção de energia ocorre majoritariamente 

pela via glicolítica, com a fermentação de glicose e produção de lactato, esse fenômeno 

ficou conhecido como glicólise aeróbica ou efeito Warburg (Fig. 2) (Warburg, 1956; 

Warburg; Dickens, 1931). 

 

Figura 2. Comparação esquemática do metabolismo normal com o tumoral.  A 

modificação na via glicolítica na célula tumoral ficou conhecida como glicólise aeróbica ou 

efeito Warburg. GLUT: Transportador de glicose; MCT: Transportadores de 

monocarboxilatos. 

Fonte: Adaptada de da Silva e colaboradores (2022). 

Como visto na figura 2, na célula normal, para cada molécula de glicose 

podem ser formadas até 38 moléculas de ATP através da OXPHOS, enquanto na 

célula tumoral com a fermentação são formados apenas 2, uma eficiência cerca 

de 18 vezes menor. Essa troca parece ser desvantajosa energeticamente para o 

tumor, entretanto, na célula tumoral ocorre uma maior expressão de 

transportares de glicose (GLUT), assim como de outras enzimas da via, levando 

dessa forma a uma maior produção de intermediários e de ATP, essenciais para a 

progressão do tumor (Angulo-Elizari et al., 2023) 
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A geração de intermediários biossintéticos pela via glicolítica é imprescindível 

para a manutenção da replicação tumoral, vias de síntese de macromoléculas utilizam 

dos intermediários da via glicolítica para produção de DNA, RNA, proteínas e lipídios, 

permitindo a manutenção de processos replicativo (Figura 3) (Schiliro; Firestein, 2021).  

Figura 3. Via glicolítica e a produção de intermediários para outras vias de 

biossíntese de macromoléculas. São enumeradas em ordem as dez enzimas e as suas 

respectivas reações bioquímicas na via glicolítica, levando a produção de piruvato a 

partir da glicose e de outros intermediários. 

          Fonte: Adaptada de da Silva e colaboradores (2022). 

Devido a importância do metabolismo da glicose e a via glicolítica na geração 

de energia para o desenvolvimento do câncer, cada vez mais estudos tem buscado 

investigar a inibição de enzimas e transportadores dessa via como promissores alvos 

farmacológicos na oncologia (Xintaropoulou et al., 2018; Zhang, Guilian et al., 2022). 

Inibidores glicolíticos como STF-31, 3-bromopiruvato (3-BP), 

Benitrobenrazida (BNBZ), DC-5163 e ácido oxâmico têm sido amplamente estudados 

como ferramentas farmacológicas na terapêutica do câncer, visando transportadores de 
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glicose (GLUT) (Chan et al., 2011; Martin; Kornmann; Fuhrmann, 2003), hexoquinases 

(HK) (Cardaci; Desideri; Ciriolo, 2012; Zheng et al., 2021), gliceraldeído-3-fosfato 

desidrogenase (GAPDH) (Li et al., 2020; Pacchiana et al., 2022), lactato desidrogenases 

(LDH) (Kim, Eun-Yeong et al., 2019; Qiao et al., 2021; Shibata et al., 2021; Zhang, 

Wenjing et al., 2022) entre outros, esses são estudados em diferentes modelos de câncer 

e estão em diferentes fases de estudo, tanto pré-clínico quanto clínico (da Silva; 

Montenegro; Moreira-Nunes, 2022). 

 

1.1.1.3  Via da síntese de nucleotídeos 

Como visto, a hiperproliferação celular depende do aumento do número de 

ciclos replicativos, incluindo a síntese de novas macromoléculas celulares como DNA, 

RNA que sustentam a replicação descontrolada (Hanahan; Weinberg, 2011). Genes 

relacionados a vias de síntese de nucleotídeo estão hiper expressos em diversos tipos de 

câncer, e tem demonstrado interesse como novos alvos farmacológicos na terapia do 

câncer (Akhavan et al., 2021; Wu et al., 2021). 

O intermediário biosintético da via glicolítica glicose-6-fostato pode ter outros 

destinos catabólicos, um deles é a produção de DNA, RNA pela via das pentoses 

(Figura 3). São conhecidos dois tipos de vias responsáveis pela síntese de nucleotídeos: 

a vias de novo e as vias de salvação. Essas vias não estão correlacionadas e são 

independentes uma da outra principalmente no que se refere a seus mecanismos e em 

sua regulação. Enquanto a via de novo sintetiza nucleotídeos tendo como precursores 

metabolitos como aminoácidos e derivados de glicose, a via de salvação recupera 

intermediários (nucleosídeos) da degradação de ácidos nucléicos, usando-os como 

precursores para síntese de nucleotídeos (Walter; Herr, 2022). Devido ao alto potencial 

proliferativo das células tumorais, o metabolismo de nucleotídeos pela via de novo é 

hiper regulado, mas diferente das células não malignas, o tumor pode trocar para a via 

de salvação para manter a eficiência na replicação em caso de necessidade bioenergética 

(Vander Heiden; DeBerardinis, 2017; Walter; Herr, 2022; Wu, Huai-liang et al., 2022). 

A glicose-6-fostato é oxidada a ribose-5-fosfato, molécula essencial para a 

produção do aminoácido histidina, assim como de nucleotídeos e ácidos nucleicos. A 

ribose-5-fostato é então convertida em fosforribosil-pirofosfato (PRPP) por meio da 

enzima Fosforibosil-pirofosfato sintetase (PRPS1), esse serve de intermediária para 

diversas reações biossintéticas na célula (Chandel, 2021b).  
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Como visto na figura 4, o PRPP pode servir de substrato para via de salvação 

ou para a via de novo da síntese de nucleotídeos. Esse pode ser catabolizado em um 

conjunto reações até inosina monofosfato (IMP) (Pedley; Benkovic, 2017). Na síntese 

de salvação, a enzima Hipoxantina-guanina Fosforribosiltransferase, codificada pelo 

gene HPRT1, realiza a síntese de IMP e de guanosina monofosfato (GMP) a partir de 

bases hipoxantina e guanina livres, respectivamente, utilizando o PRPP como substrato 

para transferência do grupamento fosforibosil, assim permitindo a sua utilização em 

novas reações de síntese de nucleotídeos  (Torres; Puig, 2007; Walter; Herr, 2022). 

Por sua vez, a enzima Di-hidro-orotato desidrogenase (DHODH) têm um papel 

chave na via de novo da síntese de pirimidinas, sendo utilizada na produção 

monofosfato de uridina (UMP) e Citidina-5-trifosfato (CTP) para a síntese de uracila e 

citosina a partir de aspartato. A enzima DHODH é a única enzima mitocondrial da via 

de síntese de pirimidinas, estando localizada na superfície externa da membrana 

mitocondrial interna e tem sua atividade relacionada com a cadeia transportadora de 

elétrons . O PRPP também tem papel importante nessa via, fornece a cadeia lateral de 

ribose-5-fosfato formando orotilidato, levando posteriormente a formação de 

nucleotídeos para a síntese de RNA (Figura 4) (Mullen; Singh, 2023; Zhou et al., 2021). 

 

Figura 4. Vias de salvação de novo na síntese de nucleotídeos. Em vermelho são representadas enzimas 

importantes em vias de síntese de DNA e RNA, cada seta representa uma reação bioquímica da via, 

enquanto a seta tracejada representa um conjunto com 10 reações sequenciais para a síntese de IMP a 

partir de PRPP.  

Fonte: Própria autoria, 2024 (Criada com BioRender.com). 
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O metabolismo de um carbono (1C) compreende uma série de vias metabólicas 

interligadas que incluem os ciclos de metionina e folato, esse desenvolve um papel 

crucial em vias de biossíntese de aminoácidos e nucleotídeos. O folato (vitamina B9), 

ou seu composto de origem sintética ácido fólico, tem um influência na produção de 

células vermelhas, na metilação do DNA e na proliferação celular por meio da via de 

novo de síntese de nucleotídeos (He et al., 2018; Robinson; Eich; Varambally, 2020). 

No ciclo do folato ocorre uma série de reações resultando em diferentes 

espécies de tetra-hidrofolato (THF), esse é a forma ativada do folato que tem a 

capacidade de transferência de grupamentos 1C (Figura 5). Nesse ciclo, a molécula 

metileno-THF é utilizada para síntese do nucleotídeo timina por meio de uma reação de 

oxidação da enzima Timidilato sintase (codificada por TYMS), ou ainda esse pode ser 

reduzido para formação de metionina para reações de metilação do DNA (Morscher et 

al., 2018). Como visto na figura 5, o THF também pode ser convertido novamente em 

metileno-THF por meio da ação da enzima trifuncional Metilenotetrahidrofolato 

desidrogenase, ciclohidrolase e formiltetrahidrofolato sintetase 1 (MTHFD1), 

realimentando o ciclo metabólico do folato. O intermediário 10-formil-THF ainda age 

como cofator para outo ciclo de síntese de novo de purinas, levando a formação de IMP 

(Lee et al., 2017; Robinson; Eich; Varambally, 2020).  

Figura 5. Via do folato e intermediários importantes na síntese de nucleotídeos. O THF é um 

intermediário crucial para diversas reações bioquímicas, em vermelho são representadas enzimas 

importantes da via de síntese de nucleotídeos, cada seta representa uma reação bioquímica da via. 

                 Fonte: Própria autoria, 2024 (Criada com BioRender.com). 
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Como visto, a geração de THF e sua metabolização pode diferentes vias pode 

dar origem a aminoácidos importantes para a metilação do DNA, assim como, funciona 

como intermediário na síntese de nucleotídeos por vias de novo, sendo uma essencial 

para o crescimento celular. Essa via tem sido muito estudada do ponto de visto clínico, 

tendo fármacos já aprovados que tem como alvo as enzimas Di-hidrofolato redutase e 

Timidilato sintase (Mullen; Singh, 2023) 

O estudo do relacionamento entre o metabolismo de nucleotídeos e a sua 

relação com o desenvolvimento e a progressão tumoral vem ganhando cada vez mais 

importância na pesquisa clínica (Aird; Zhang, 2015; Halbrook; Wahl; Lyssiotis, 2019). 

Quimioterápicos citotóxicos da classe dos antimetabólicos como 5-flourouracil (5-FU), 

Metrotexato,  Capacitabina e  Citarabina são exemplos de sucesso clínico que tem alvo 

no metabolismo de nucleotídeos, levando a inibição direta ou indireta de vias de síntese 

de purinas e pirimidinas e assim impedindo a formação de RNA e DNA e a progressão 

tumoral (da Silva; Montenegro; Moreira-Nunes, 2022; Luengo; Gui; Vander Heiden, 

2017), nesse sentido a busca e o estudo de novas moléculas com alvo no metabolismo 

celular, e especificamente, no metabolismo de nucleotídeos traz grandes expectativas 

para descoberta de novos alvos moleculares na terapia do câncer (Wu, Huai-liang et al., 

2022). 

Devido a importância dessas vias para o crescimento do tumor algumas 

enzimas dessas vias têm sido escolhidas como alvos farmacológicos de drogas com 

potencial antitumoral, como destacado anteriormente. Genes que codificam para 

enzimas das vias de novo de nucleotídeos como a PRPS1, DHODH , TYMS e MTHFD1, 

assim como a enzima da via de salvação HPRT1 tem sido descrito como hiper expressos 

no câncer, estando associado ao aumento do perfil proliferativo, migratório, e  

quimioresistente em diferentes tipos de neoplasias (Bárcenas-López et al., 2021; Lee et 

al., 2017; Liu et al., 2019; Olsen et al., 2022; Wu, Tong et al., 2022; Xiong et al., 2022; 

Yuan; Xiao; Lu, 2023), podendo ser bons alvos farmacológicos para terapia do câncer 

(Feng et al., 2020; Mullen; Singh, 2023; Tan et al., 2022). 

 

1.2 Câncer Gástrico 

1.2.1  Epidemiologia 

O câncer gástrico (CG) está entre as neoplasias mais incidentes do mundo, 

sendo considerado o quinto tipo de câncer mais frequente, excluindo o câncer de pele 
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não melanoma, acometendo mais de 1 milhão de pessoas (5,6% dos casos). Se torna um 

grave problema de saúde mundial, visto que, apesar de ocupar a quinta posição na 

incidência, é considerado o quarto mais letal com cerca de 769 mil mortes notificadas 

em 2020 (7,7% de todas as mortes causadas por neoplasias) (Sung et al., 2021). O CG é 

duas vezes mais frequente em homens (incidência de 15,8% em homens para 7% em 

mulheres), sendo o quarto câncer mais diagnosticado e incidente em homens (7,1% e 

9,1%, respectivamente), na população feminina é e sétimo mais diagnosticado (4%) e o 

quinto mais letal (6%) (Morgan et al., 2022; Sung et al., 2021). 

Em relação a localidade, as incidências mais altas de CG são observadas em 

países da Ásia oriental tanto em homens como em mulheres (32,5% e 13,2%, 

respectivamente), homens que residem no Japão (88,1%), Mongólia (47,2%) e Coréia 

(39,7%) apresentam a maior incidência no mundo. As incidências mais baixas são 

notificadas na África, com índices menores que 5%. As taxas de mortalidade são mais 

elevadas na Ásia Oriental tanto em homens como em mulheres (21,1% e 8,8%, 

respectivamente). Uma menor parcela de mortes é observada em países com Indice de 

Desenvolvimento Humano (IDH) muito altos, quando comparados com países com 

médio e baixo IDH. As projeções afirmam que a incidência anual do CG tendem a 

aumentar para cerca de  1.8 milhões de novos casos e 1.3 milhões de mortes até 2040 

(Morgan et al., 2022). 

No Brasil, de acordo com o Instituto Nacional do Câncer (INCA), as 

estimativas para o triênio 2023-2025 são de aproximadamente 21 mil novos casos 

(9,94% dos casos) de CG, sendo a quinta neoplasia mais frequente no país. Dentre esses 

novos casos, 13.340 serão diagnosticados em homens (12,6%) e 8.140 em mulheres 

(7,4%), fazendo dessa neoplasia a quarta e a sexta mais frequente em cada sexo, 

respectivamente. Dados reportam que, diferente de outras regiões do país, o CG tem 

apresentado aumento no número de casos e óbitos em regiões com menor IDH, como 

norte e nordeste, nessas regiões essa neoplasia é segunda (12,5%) e terceira (12,2%) 

mais frequente em homens, com um aumento em 3,1% na mortalidade na população em 

ambas as regiões (Braga et al., 2022; INCA, 2023). No estado de Ceará são esperados 

1.460 novos casos para o ano de 2023, sendo o terceiro tipo de câncer mais 

diagnosticado na população do estado, por gênero é o segundo mais frequente em 

homens (19,78%) e o sexto (11,63%) em mulheres (INCA, 2023).  
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Apesar da diminuição na incidência e mortalidade nas últimas décadas, dados 

vem demonstrado uma projeção de aumento de casos de CG entre a população de 

jovens adultos (< 50 anos) tanto em países de baixo como alto IDH (Arnold et al., 

2020a). O desenvolvimento do CG está associado a vários fatores em conjunto, sendo 

determinados pela combinação de fatores genéticos e ambientais. Cerca de metade dos 

casos de CG estão relacionados ao acúmulo de mutações causadas por fatores 

ambientais, como fumo, consume de bebidas alcoólicas, consumo de comidas contendo 

conservantes e uma dieta rica em sal e carboidratos, redução na inserção de frutas e 

vegetais na alimentação e o sedentarismo (Kobayashi, 2018; Tomasetti; Li; Vogelstein, 

2017; Trinh et al., 2023). Infecções crônicas pela bactéria Helicobacter pilory (H. 

pilory) e pelo vírus Epstein-Barr (EBV) também tem forte contribuição para o 

desenvolvimento do CG, já os fatores hereditários correspondem em menos de 3% dos 

casos apresentados (Arnold et al., 2020b; Rustgi; Ching; Kastrinos, 2021). 

 

1.2.2 Classificação histológica e molecular 

Aproximadamente 90% dos CG são do tipo adenocarcinoma, podendo se 

desenvolver em diferentes regiões do órgão, como cardia ou na região não cardia 

(corpo, fundo e piloro). Dependendo da localidade, o tumor pode estar associado a 

diferentes fatores, tumores que acometem a cardia estão mais ligados ao histórico 

familiar, estilo de vida, a doença do refluxo esofágico e infecções pela bactéria H. pylori 

(Abdi et al., 2019). Apesar de aumento dos adenocarcinomas nas regiões da cardia, os 

da região da não cardia representam aproximadamente 80% dos casos de CG 

(Colquhoun et al., 2015). Existem diversas classificações histopatológicas do CG, as 

mais utilizadas são a de Lauren que foi instaurada em 1965, e a da Organização Mundial 

da Saúde (OMS) que é a mais utilizada em países ocidentais (Lordick et al., 2022). 

 

1.2.2.2 Classificação de Lauren 

De acordo com a classificação de Lauren os adenocarcinomas que acometem 

as regiões do corpo, fundo e piloro (não cardia) são subdivididos em outras duas 

variantes principais, essas são diferentes histológicas e possuem características distintas, 

sendo conhecidas como tipo intestinal e do tipo difuso (Lauren, 1965). O tipo intestinal 

é caracterizado pela presença de células coesas dispostas em formações glandulares, 

estando associado a metaplasia intestinal, inflamação crônica, infecção por H. pilory, 

com aumento na capacidade invasiva e sendo mais incidente em pacientes de mais idade 



33 
 

e do sexo masculino (Ma et al., 2016; Sitarz et al., 2018). O tipo intestinal é geralmente 

precedido por uma fase pré-cancerosa, tendo início com a transição da mucosa normal 

para uma gastrite atrófica, em seguida a essa alteração, ocorre o desenvolvimento de 

uma metaplasia intestinal, que evolui para uma displasia e para formação do 

adenocarcinoma (Lauren, 1965). 

No tipo difuso, entretanto, as células possuem pouca adesão, sendo são pouco 

diferenciadas, infiltram-se no estroma como células únicas ou pequenos subgrupos e 

comumente formam células em anel de sinete. Esse é mais associado a fatores 

genéticos, sendo ainda prevalente em pacientes mais jovens do sexo feminino e 

descreve um pior prognostico (Sarriugarte Lasarte et al., 2021). Esse tipo de 

adenocarcinoma também é originado de uma lesão na mucosa normal (gastrite), ainda 

assim, possui menor relação com fatores ambientais do que o tipo intestinal, embora a 

infecção por H. pylori também esteja envolvida na carcinogênese do tipo difuso. 

Entretanto, diferentemente do tipo intestinal, no tipo difuso ocorre o desenvolvimento 

do adenocarcinoma como resultado da inflamação crônica, sem ser necessário os passos 

intermediários característicos do tipo intestinal. O tipo difuso, pode acometer toda a 

superfície do órgão, tem incidência em homens e mulheres na mesma proporção e está 

associado com um pior prognóstico e taxa de sobrevida (Castaño-Rodríguez; Kaakoush; 

Mitchell, 2014; Ma et al., 2016; Sitarz et al., 2018). 

 

1.2.2.3 Classificação da Organização Mundial da Saúde (OMS) 

Desde 2010, O GC também pode ser classificado de acordo com a OMS, sendo 

divididos em tubulares, papilares, mucinosos, pouco coesos (incluindo carcinoma de 

células em anel de sinete (Signet ring cell, SRC)) e carcinomas mistos (Bosman et al., 

2010). Quando comparamos com a classificação de Lauren, os carcinomas tubulares, 

papilares e mucinosos se enquadram no tipo intestinal previamente descrito, já o 

carcinoma de células em SRC outros carcinomas poucos coesos correspondem ao tipo 

difuso (Hu et al., 2012; Van Cutsem et al., 2016). 

O adenocarcinoma tubular é o tipo histológico mais comum entre esses. Tende 

a formar massas polipóides ou com perfil ulcerado em várias formas e demonstra 

histologicamente túbulos irregularmente distendidos, fundidos ou ramificados de vários 

tamanhos, muitas vezes com muco intraluminal, restos nucleares e inflamatórios (Hu et 

al., 2012). O adenocarcinoma papilar é outra variante histológica, acometendo de 1,5% 
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– 2% de todos os casos, sendo frequentemente observada em estágios iniciais do 

desenvolvimento do CG. Tende a afetar pessoas com maior faixa etária (> 60 anos), 

ocorre na região do estômago proximal e está frequentemente associada a metástases 

hepáticas e a uma maior taxa de envolvimento de linfonodos, levando a com baixo 

prognóstico. Histologicamente, é caracterizada por projeções epiteliais sustentadas por 

um núcleo fibrovascular central (Hu et al., 2012; Shiratori et al., 2020). 

O adenocarcinoma mucinoso é responsável por 10% do carcinoma gástrico. 

Histologicamente é caracterizado pela alta produção de mucinas extracelulares 

(proteínas glicosiladas que ajudam na constituição do muco) que constituem pelo menos 

50% do volume do tumor. Nesse subtipo histológico, as células tumorais podem formar 

arquitetura glandular e aglomerados celulares irregulares (Cai et al., 2018; Hu et al., 

2012). 

Os carcinomas SRC e outros carcinomas poucos coesos são compostos 

geralmente por uma mistura de células em SRC e células em anel não-sinete. Se 

assemelham estruturalmente a histiócitos, linfócitos e células plasmáticas com alta 

produção de mucina, que geralmente permanece dentro da célula (Zhao et al., 2023). 

Pode apresentar invasão linfovascular, linfonodal e metástase duodenal. Devido ao 

grande potencial invasivo e metastático, atenção especial precisa ser dada a essas 

subtipo no momento de ressecção cirúrgica. Colorações especiais, como a imuno-

histoquímica (IHQ) da citoqueratina ou marcação de reticulina, podem ajudar a detectar 

células do anel de sinete morfologicamente ocultas (Hughes; Greywoode; Chetty, 

2011). 

 

1.2.2.4 Outras classificações histológicas 

Existem ainda outras duas classificações histológicas descritas, a do sistema 

Carneiro divide os adenocarcinomas gástricos em 4 classes, sendo tumores glandulares, 

de células isoladas, sólidos e mistos, de acordo com a expressão de marcadores de IHQ 

(MUC6, MUC5AC e marcadores gástricos peptídicos TFF1 ou marcadores intestinais 

MUC2, CDX2, CD10 e pepsinogênio-1, entre outros) (Carneiro, 1997).  

A classificação de Goseki também divide em quatro subtipos os tumores 

gástricos, esses são classificados ou acordo com o nível de produção de mucina (alta ou 

baixa) ou pelo nível de diferenciação tubular (baixa diferenciação ou alta diferenciação), 

dessa forma são classificados em tumores com: 1) alta diferenciação tubular e pouca 
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produção de mucina intracelular; 2) alta diferenciação tubular e alta produção de mucina 

intracelular; 3) baixa diferenciação tubular e pouca produção de mucina intracelular e 4) 

com baixa diferenciação tubular e alta produção de mucina intracelular (Cisło et al., 

2018; Seeneevassen et al., 2021).  

 

1.2.2.5 Classificação Molecular 

Os tumores gástricos não variam só morfologicamente, mas também 

apresentam perfis moleculares distintos. Baseado nos avanços da biologia molecular e 

das técnicas de sequenciamento e nova geração (NGS), assim como nos estudos 

epigenéticos, novas classificações baseadas no perfil de mutação do CG foram 

desenvolvidas (Chia; Tan, 2016; Wang; Liu; Hu, 2019). 

A rede de pesquisa do programa de estudos genômicos denominada Atlas do 

Genoma do Câncer (The Cancer Genome Atlas, TCGA) reportou em 2014 uma das 

caracterizações moleculares do CG mais bem caracterizadas e utilizadas, nesse estudo 

foram utilizadas seis diferentes plataformas moleculares de análise em 295 tumores 

primários gástricos. Os dados propuseram uma classificação dividida em quatro 

subgrupos de CG (Figura 6), sendo eles: Tumores positivos para EBV (8,8 % das 

amostras), tumores com instabilidade de microssatélites (MSI) (21,7% das amostras), 

tumores genomicamente estáveis (GS) (19,7%) e tumores com instabilidade 

cromossômica (CIN) (49,8%) (TCGA Research Network, 2014).  

Os tumores EBV positivos foram caraterizados por serem mais frequente na 

região do fundo ou corpo gástrico, sendo mais frequente em homens. Como o nome já 

cita, esses tumores apresentam grande grau de infecção por EBV, alta taxa de metilação 

no DNA, e mutações importantes nos genes PIK3CA, BCOR, hiperexpressão de CD274 

e PDCD1LG2 (PD-L1/2, respectivamente), amplificação de JAK2 e HER 2 (TCGA 

Research Network, 2014; Wang; Liu; Hu, 2019). 

Os tumores reconhecidos com MSI foram mais frequentes em populações com 

maior faixa etária (>70 anos) e do sexo feminino, estando mais localizada no antro 

gástrico e estando associado a infecção por H. pylori. Nesses casos, a modificação 

epigenética é importante, uma vez que é comum a metilação na região promotora do 

gene MLH1 acarretando no seu silenciamento, esse gene está relacionado ao reparo de 

incompatibilidade de DNA, resultando no aumento no nível de mutações no material 

genético e no fenótipo mutacional MSI (Jung et al., 2001). Mutações em IK3CA, EGFR, 

HER2 e HER3 são observadas nesse subtipo, com alta taxa de expressão da proteína 
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PD-L1. Tanto os tumores EBV positivos como os com fenótipo MSI mostraram possuir 

o fenótipo mutilador das ilhas CpG (CpG island methylator phenotype, CIMP), também 

estando mais associados a histologia do tipo intestinal (Wang; Liu; Hu, 2019). 

Os tumores genomicamente estáveis possuem baixa número de alterações no 

número de copias, sendo diagnosticados em pacientes mais jovens (<60 anos). Estão 

mais relacionados a histologia do tipo difuso e tem alta expressão em proteínas 

relacionadas a adesão celular e angiogênese, com mutações em CDH1 e RHOA, 

favorecendo o perfil invasivo e metastático (Seeneevassen et al., 2021; Wang; Liu; Hu, 

2019). 

Por outro lado, os tumores com CIN foram mais diagnosticados na junção 

gastroesofágica/cardia, com perfil histológico intestinal. Nesse subtipo amplificações no 

gene HER2 (25%), KRAS/NRAS (18%), EGFR (10%), HER3(8%), FGFR2 (8%) e MET 

(8%) são as mais observadas. Além disso, tumores CIN possuem alta frequência de 

mutação no gene TP53 (73% dos casos), assim como, amplificações em genes 

relacionados ao ciclo celular como CCNE1, CCND1 e CDK6 (Wang; Liu; Hu, 2019). 

 

Figura 6. Classificação molecular do câncer gástrico baseado no TCGA. 

                 Fonte: Própria autoria, 2024 (Criada com BioRender.com). 

 

Baseado na expressão de mRNA, na análise do número de cópias somáticas e 

no sequenciamento genético, o grupo Asiático de Pesquisa do Câncer (Asian Cancer 

Research Group, ACRG) também propôs uma classificação molecular baseada na taxa 

de expressão de 300 tumores, classificando-os em quatro grupos distintos, sendo eles 
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pacientes com alta taxa de MSI (22,7%), pacientes com taxa de microssatélites estável 

(MSS) atrelado a presença de marcadores de transição epitélio mesenquimal 

(MSS/EMT, 15,3%), pacientes MSS sem mutação em TP53 (MSS/TP53+, 26,3%) e 

pacientes MSS com perca de TP53 (MSS/TP53-, 35,7%)  (Cristescu et al., 2015). 

Os pacientes com alta taxa MSI estão mais relacionados a região do antro 

gástrico, com histologia do tipo intestinal. Apresentam mutações em ARID1A, KRAS e 

ALK, tem o melhor prognóstico dentro os subtipos. Pacientes MSS/EMT são geralmente 

mais novos com diagnóstico já em estágio avançado da doença, com alto nível de 

infiltração peritoneal, nesse, são encontradas células com a morfologia de SRC e com 

peca da expressão do gene CDH1. Pacientes MSS/TP53+ possuem diversas mutações 

catalogadas, como nos genes APC, ARID1A, KRAS, PIK3CAm e SMAD4, tem o 

segundo melhor prognóstico entre os subtipos. Pacientes MSS/TP53- possuem alto nível 

de mutações no TP53 (60%) com baixa frequência em outras mutações. Possem 

amplificações recorrentes nos genes HER2, EGFR, CCNE1, CCND1, MDM2, ROBO2, 

GATA6 e c-Myc (Cristescu et al., 2015; Wang; Liu; Hu, 2019). 

Embora a subclassificação pelo perfil molecular pareça deixar ainda mais 

complexo o processo de classificação de tumores gástricos, essa ajuda a identificar 

subtipos de GC baseados nas semelhanças moleculares e características genéticas, 

dando informações essenciais para a seleção de terapias mais direcionadas para esses 

pacientes (Bijlsma et al., 2017; Deng et al., 2012). 

 

1.2.3 Diagnóstico e estadiamento  

O GC é geralmente assintomático em estádios iniciais, em etapas avançadas da 

progressão da doença os pacientes podem apresentar sintomas como dificuldade de 

deglutição (disfagia), fraqueza (astenia), indigestão, vômitos, perda de peso, saciedade 

precoce e/ou anemia por deficiência de ferro. Entretanto, na maioria dos casos, os 

sintomas são inespecíficos e não levantam grande preocupação do paciente no 

momento, o que leva geralmente a diagnósticos tardios da doença com a piora na 

sintomatologia, diminuindo as chances de um tratamento curativo e levando a redução 

na probabilidade de cura quando comparado ao diagnóstico em estágios iniciais (Allum 

et al., 2018). 

A endoscopia é o método padrão outro de diagnóstico do CG, múltiplas 

biópsias devem ser realizadas com o objetivo de fornecer material com tamanho 
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adequado para a interpretação histológica e/ou molecular (Tominaga et al., 2016). A 

Ultrassonografia Endoscópica (EUS) ou ecoendoscopia é um método combinado de 

encospia digestiva e ultrassom, ajudando na obtenção de imagens e na aquisição de 

biópsias, ajudando na identificação de regiões infiltradas pelo tumoral na parede 

gástrica  (Hamada et al., 2021). As ressecções endoscópicas de mucosa (EMR) e de 

submucosa (ESD) além de poderem ser utilizadas como a finalidade diagnóstica, 

também podem ter intuito curativo em caso de lesões menores que 20 mm, ou maiores, 

respectivamente. Além disso, ambos os procedimentos podem ajudar na aquisição de 

informações sobre o estadiamento tumoral (Ono et al., 2021). 

Para tumores es estádios avançados a tomografia computadorizada (TC) padrão 

de tórax/abdômen/pélve costuma ser suficiente para exames de imagem, mas a 

Tomografia Computadorizada com Emissão de Pósitrons com fluodesoxiglicose (FDG-

PET)/TC pode ser considerada para indicações clínicas específicas, como avaliação 

adicional de lesões indeterminadas (Gertsen et al., 2021; Joshi; Badgwell, 2021). 

A laparoscopia e a realização da citologia do lavado peritoneal são 

recomendadas para todos os casos de CG em estágios IB-III, que são considerados 

ressecáveis, para diminuir a possibilidade de doença metastática peritoneal oculta 

(Ramos et al., 2023). Em caso positivo, as metástases peritoniais devem ser 

documentados de acordo com o Índice de Carcinomatose Peritoneal (PCI) que varia de 

0 a 39, conforme a gravidade da doença (Ye et al., 2022). 

O estadiamento do CG é realizado de acordo com a Comitê Misto americano 

de câncer (AJCC) e a União Internacional para o Controle do Câncer (UICC), pelo 

sistema TNM. Esses dados levam em conta as características do tumor primário (T), as 

características dos linfonodos das cadeias de drenagem linfática do órgão em que o 

tumor se localiza (N), e a presença ou ausência de metástases a distância (M). Essas 

características possuem graduações em escalas crescentes, variando de T0 a T4, de N0 a 

N3 e de M0 a M1, respectivamente (Amin et al., 2017). 

 

1.2.4 Tratamento 

Para doenças em estágio inicial IA (T1N0M0), bem diferenciadas e não 

ulceradas a ressecção cirúrgica por endoscopia pode ser potencialmente curativa 

(Pimentel-Nunes et al., 2015; Tan, 2019). A realização da cirurgia depende da 

localização do tumor, do índice TNM e do subtipo histológico, tumores T1 que não tem 

o critério para a ressecção cirúrgica por endoscopia necessitam, mesmo que menos 
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radicais, de cirurgia. Para tumores mais avançados a cirurgia de gastrectomia, retirada 

parcial (subtotal) ou total (radical) do estômago, é a indicada. Quando é observado que a 

lesão se encontra com margens proximais de ressecção satisfatória, a gastrectomia 

subtotal é a ideal para manter a qualidade de vida do paciente, já em estágios mais 

avançados (IB-III) a gastrectomia radical é recomendada (Maspero et al., 2022). 

Estudos vem tentando mostrar o benefício da ressecção endoscópica de acesso 

minimamente invasivo (laparoscopia) na diminuição do morbidade pós-operatória e no 

tempo de recuperação quando comparada em cirurgias mais invasivas em lesões mais 

avançadas (Quan et al., 2016). Estudos no leste asiático e em países ocidentais também 

demonstraram os benefícios da laparoscopia em tumores em estádios iniciais e mais 

avançados, tornando o método laparoscópio uma boa alternativa para realização de 

gastrectomia total ou parcial com linfadenectomia (retirada dos linfonodos) em 

pacientes com CG (Smyth et al., 2020). 

Embora a completa retirada do tumor e dissecação linfonodal sejam 

considerados parâmetros de cura para o CG, uma alta taxa de recidivas locais em tem 

sido observada. Os sítios de recidivas mais frequentes são as regiões próximas ao tumor 

(31% - 68% dos casos), peritônio (41,5% - 45,7%) e fígado (20% - 32%). Um benefício 

na sobrevida dos pacientes tem sido observado na adição da quimioterapia ou 

quimiorradioterapia a cirurgia (Cascinu et al., 2022; Kang et al., 2015). 

Diferentes regimes de quimioterápicos têm sido estudados juntamente a 

cirurgia para a avaliar a resposta do paciente, a sua sobrevida e recorrência da doença. A 

quimioterapia perioperatória, tratamento antes e após a cirurgia, foi utilizada no estudo 

clínico de fase III (MAGIC) na qual foram administrados três ciclos de uma 

combinação de Epirrubicina, Cisplatina e 5-FU (ECF) antes da cirurgia, e três ciclos de 

Epirrubicina e Cisplatina no dia 1 após o procedimento, com continua administração de 

5-FU por 21 dias. Os resultados mostraram que a utilização de ECF de forma 

perioperatória melhoraram a sobrevida dos pacientes diagnosticados com CG 

metastático em estágio avançado, tendo uma taxa de sobrevida em 5 anos de 36%, 

enquanto que para os pacientes que realizaram a cirurgia de forma isolada, esse taxa foi 

de 23% (Cunningham David et al., 2006). 

Resultados similares foram obtidos através da utilização de Cisplatina e 5-FU 

em conjunto com o procedimento cirúrgico, foi observada um taxa de 38% de sobrevida 

na utilização da quimioterapia perioperatória com a cirurgia, enquanto para cirurgia de 

forma isolada a taxa foi de 24%. A sobrevida livre de doença, ou seja, o período em que 



40 
 

um paciente permanece livre de sinais e sintomas da doença após o tratamento, também 

foi superior, sendo de 34% para a quimioterapia perioperatória e de 19% para pacientes 

apenas tratados com cirurgia (Ychou et al., 2011). 

No estudo clínico de fase III utilizando a terapia adjuvante, regime 

quimioterápico após o procedimento cirúrgico, com os quimioterápicos Epirrubicina, 

Leucovorin (Ácido Fólico), 5-FU e Etoposídeo em combinação (ELFE) para pacientes 

com CG, foi verificado que após 5 anos de acompanhamento os pacientes não 

demonstram aumento na sobrevida significativo quando comparada a utilização apenas 

da cirurgia (De Vita et al., 2007). Por outro lado, para pacientes asiáticos portadores de 

CG em estágio avançado a mono-quimioterapia utilizando fluoropirimidinas (pró-

drogas do 5-FU) levou a um aumento significativo na taxa de sobrevida, em 

comparação com aqueles que fizeram uso apenas da cirurgia de remoção, entretanto os 

ensaio precisam ser repetidos em uma população mais heterógena para demonstrar sua 

eficácia clínica (Cascinu et al., 2022; Sakuramoto et al., 2007). 

Esquemas como a combinação dupla com derivados de platina e 

fluoropirimidina(s) [Ácido fólico, 5-fluorouracil e Oxaliplatina (FOLFOX) ou 

Oxaliplatina e Capecitabina (XELOX)] são recomendados como tratamento de primeira 

escolha em protocolos internacionais para CG metastático. Uma alternativa terapêutica 

é a combinação de Ácido fólico, 5-Flourouracil e Irinotecano (FOLFIRI), que também 

vem demonstrando bons resultados em caso de falha terapêutica inicial com melhor 

tolerabilidade (Cascinu et al., 2022; Guimbaud et al., 2014). 

A utilização de quimiorradioterapia adjuvante demonstrou bons resultados no 

tratamento do CG, em estudo de fase clínica II combinando radioterapia com a 

utilização do regime de 5-FU e ácido fólico por um mês em adição a cirurgia de 

remoção. Após o acompanhamento por 5 anos, o grupo de pacientes que recebeu a 

quimiorradiação obteve um aumento na taxa de sobrevida e na sobrevivência livre de 

progressão quando comparo aos pacientes que apenas receberam a cirurgia, além disso, 

após 10 anos de acompanhamento o benefício terapêutico se manteve (Macdonald et al., 

2001, 2009). 

Recentemente, com a introdução da terapia alvo direcionada houve um 

aumento no número de estudos como objetivo de identificar e validador novos 

biomarcadores e alvos moleculares que visam fornecer novas possibilidades 

terapêuticas aos pacientes com CG (Sato et al., 2023). 
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Para pacientes com HER2 positivo (score IHQ 3+ ou 2+ mais confirmação pela 

técnica de hibridização in situ (FISH)) as diretrizes apontam para adição do anticorpo 

monoclonal anti-HER2 Transtuzumabe à quimioterapia. Entretanto, poucos pacientes se 

beneficiam dessa terapia, visto que apenas aos 10-15% desses apresentam essa condição 

(Bang et al., 2010; Makiyama et al., 2020). 

Outros agentes alvo direcionados como os inibidores de PD-L1, PD-1, VEGFR 

também podem ser combinados a quimioterapia citotóxica para pacientes que 

apresentam esse perfil genético, podendo acarretar em melhora significativa em uma 

parcela pequena dos pacientes com CG (Fuchs et al., 2014; Janjigian et al., 2021; 

Shitara et al., 2020; Smyth et al., 2020). Outros estudos também mostram que pacientes 

com o fenótipo de alta instabilidade de microssatélites (MSI-H) podem se beneficiar de 

terapias com inibidores de PD-1, como Pembrolizumabe em combinação com a 

quimioterapia (Chao et al., 2021). 

Apesar dos benefícios terapêuticos observados na adição da 

quimioterapia/quimiorradioterapia, e das terapias alvo a cirurgia, as taxas de recorrência 

local e do aparecimento de tumores em sítios distantes continuam elevados (Cascinu et 

al., 2022; Mokadem et al., 2019).  Dessa forma, o estudo de novas terapias assim como 

melhor compreender essa neoplasia deve ser incentivado com o intuito de oferecer 

novos tratamentos a indivíduos não responsivos as terapias atuais.  

 

1.3 Reposicionamento de Fármacos 

O reposicionamento de fármacos é uma ferramenta que visa a descoberta de 

novos usos para medicamentos já aprovados por agencias fiscalizadoras na prática 

clínica. Esse processo leva a vantagens substanciais em comparação com os métodos de 

estudos tradicionais de substâncias ainda não conhecidas, uma vez que a descoberta e 

desenvolvimento de novo pode levar de 10 a 17 anos, com elevado custo (1 a 2 bilhões 

de dólares) e baixa taxa de sucesso visto que menos de 1% das drogas estudadas 

chegam realmente a prática clínica (Sun et al., 2022; Xia et al., 2024). 

O processo de estudo e investigação de novas drogas passa por várias fases,  

primeiramente ocorrem estudos pré-clínicos envolvendo testes de eficácia, toxicidade, 

avaliação dos perfis farmacocinético e farmacodinâmico em modelos de estudo in vitro 

e in vivo. Em seguida, ao atestar sua eficácia terapêutica, as drogas passam para as fases 

de estudo clínicos de fase I, II e III em humanos para determinar sua segurança e 

efetividade (American Cancer Society, 2020; Jaki et al., 2023; Yang et al., 2019). 
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Recentemente o interesse no reposicionamento de drogas tem aumentado, 

principalmente na oncologia. Essa alternativa pode levar a uma diminuição no tempo e 

nos custos de estudo e desenvolvimento de uma substância já aprovada, uma vez que 

essa já possui seus perfis de segurança, dosagem e toxicidade elucidados e 

documentados (Xia et al., 2024). Nas últimas décadas, o número de novas substâncias 

aprovadas pela agência americana de regulamentação FDA (US Food and Drug 

Administration) têm caído significativamente, aumentando assim o interesse por 

terapias reposicionadas na oncologia (Kirtonia et al., 2021). 

São exemplos de drogas reposicionadas para o manejo oncológico os 

antibióticos citotóxicos da classe das antraciclinas como Doxorrubicina, Daunorrubicin 

e Epirubicina que integram o tratamento quimioterápico de diferentes tipos de câncer 

(Mattioli et al., 2023). Muitos outros medicamentos, entre eles os utilizados para 

tratativa de doenças como diabetes (Meformina), inflamações (Aspirina, Diclofenaco), 

infecção fúngica (Itraconazol) e parasitárias (Albendazol), tem sido estudos de forma 

isolada ou em combinação para avaliar seu potencial antitumoral, apresentando 

resultados significativos (Kirtonia et al., 2021). Nesse último, os fármacos da classe dos 

benzimidazóis tem atraído interesse clínico, com diversos estudos mostrando seu 

potencial antitumoral (Petersen; Baird, 2021; Song et al., 2022; Wang et al., 2020) 

 

1.3.1 Mebendazol 

O fármaco Mebendazol (MBZ, N-[6-(benzoil)-1H-benzimidazol-2-il] 

carbamato de metilo), de formula molecular C16H13N3O3 (Figura 7) pertence a classe 

dos benzimidazóis, sendo um droga aprovada pela FDA para o tratamento de infecções 

parasitárias e tem seu feito sob a inibição da polimerização da tubulina e sob a captação 

de glicose no parasita (Keystone; Murdoch, 1979; Laclette; Guerra; Zetina, 1980). 

Figura 7. Estrutura química do fármaco Mebendazol. 

                                     Fonte: PUBCHEM, 2023. 
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O MBZ é uma medicamente altamente lipofílico, sendo que menos de 10% é 

absorvido pelo trato gastrointestinal, esta pequena porção sofre metabolismo 

rapidamente por enzimas hepáticas. Fármacos como Carbamazepina ou Fenitoína, e 

indutores das enzimas metabolizadoras CYP450 podem diminuir sua concentração 

plasmática, possui metabolismo principalmente hepático, levando a produção do 

metabólico 2-amino-5-benzoil benzonidazol, sendo também metabolizado em 

compostos inativos de hidroxi e hidroxiamina, esses não possuem ação anti-helmíntica. 

É majoritariamente excretado por meio das vezes de forma inalterada u como 

metabólito secundário, cerca de 2% são excretado pela urina (Allan; Watson, 1983; 

MacDonald et al., 2004). 

Os efeitos adversos mais comuns associados ao uso do MBZ a perda de apetite, 

dor abdominal, diarreia, flatulência, náusea, vomito, dor de cabeça e o aumento nos 

níveis de enzimas hepáticas. Apesar da toxidade do fármaco estar majoritariamente, mas 

não apenas, atrelada a irritação gastrointestinal, efeitos como neutropenia (redução da 

contagem de neutrófilos no sangue) e/ou trombocitopenia (redução na contagem de 

plaquetas no sangue) também foram observados em pacientes que utilizaram doses 

elevadas ou que realizaram o tratamento por um tempo mais longo doque o 

recomendado (Thakur; Patel, 2024; Wilson; Rausch, 1982). Entretanto, efeitos tóxicos 

do fármaco não são usualmente observados (Dayan, 2003). 

O primeiro trabalha relatando a atividade antitumoral do MBZ foi publicado 

em 2002, por Mukhopadhyay e colaboradores. Nesse estudo, o MBZ foi analisado em 

modelos de câncer de pulmão, tendo elevado o grau de células em apoptose, causou 

parada do ciclo celular em G2/M em modelo in vitro, assim como, diminuiu o tamanho 

do tumor e o número de metástases pulmonares em modelos xenográficos. 

Após isso, outros estudos tentando esclarecer a atividade antitumoral do MBZ 

foram realizados, dessa forma foi observado que esse composto levou a parada do ciclo 

mitótico, a morte celular por apoptose relacionada a despolimerização da tubulina em 

linhagens de câncer pulmonar (Sasaki et al., 2002). Estudos in vitro e in silico 

demonstraram que o MBZ se liga ao receptor de fator de crescimento vascular 2 

(VEGF2), diminuindo a angiogênese (Dakshanamurthy et al., 2012). Estudos in vitro 

realizados pelo nosso grupo, mostraram o efeito citotóxico do MBZ em linhagens de 

CG, além de esclarecer seu potencial genotóxico, antimetastático e na regulação de 

fatores de transcrição c-Myc e de genes que são codificam para proteínas 

transportadoras de drogas (Pinto et al., 2015, 2017, 2019). 
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O fármaco MBZ se encontra em estudos de fase clínica I e II, utilizado de 

maneira isolada ou em combinação com outros quimioterápicos para o tratamento de 

neoplasias como glioblastoma, meduloblastoma e câncer de colón (Guerini et al., 2019). 

Isso reafirma a importância do reposicionamento de drogas para o estudo de novos 

quimioterápicos, sendo alternativas baratas e eficazes para a terapia de outras doenças, 

como o câncer (Sleire et al., 2017). 

Como visto, o fármaco MBZ demonstrou ter diversos alvos no tratamento do 

câncer, entretanto seu papel no metabolismo celular tumoral e na regulação do 

transcriptoma permanece inexplorado. Esses achados podem dar novas dimensões do 

potencial farmacológico do MBZ, assim como melhore esclarecer seu mecanismo de 

ação in vitro. Dessa forma nesse trabalho pretendemos avaliar novos alvos 

farmacológicos do MBZ na linhagem metastática gástrica AGP-01, por meio da análise 

de vias metabólicas e do transcriptoma dessa linhagem após o tratamento com MBZ.  
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2 OBJETIVOS 

 

2.1 Objetivo Geral 

Avaliar potenciais novos alvos do fármaco Mebendazol para o tratamento do 

adenocarcinoma gástrico 

 

2.2 Objetivos Específicos 

• Avaliar a citotoxicidade e seletividade do MBZ em diferentes linhagens 

gástricas; 

• Avaliar o efeito do MBZ sob o consumo de glicose e atividade da enzima 

LDH na linhagem metastática AGP-01; 

• Avaliar o efeito do MBZ sob o ciclo celular, morte celular e integridade 

mitocondrial na linhagem metastática AGP-01; 

• Comparar a expressão dos genes de vias de síntese de nucleotídeos entre 

as linhagens MNP-01 e AGP-01; 

• Analisar o efeito do tratamento com o MBZ na expressão dos genes de 

vias metabólicas na linhagem tumoral AGP-01; 

• Avaliar por meio de bancos de dados online a expressão dos genes de 

vias metabólicas em amostras clínicas de adenocarcinoma gástrico; 

• Avaliar por meio de bancos de dados online a relação da expressão dos 

genes de vias metabólicas com a sobrevida de pacientes portadores de adenocarcinoma 

gástrico; 

• Avaliar a interação do fármaco MBZ com as proteínas das vias do 

metabolismo tumoral; 

• Avaliar o efeito do MBZ na regulação dos transcritos (transcriptoma) e 

na linhagem metastática AGP-01. 
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ABSTRACT 

 

Gastric cancer (GC) is among the most-diagnosed and deadly malignancies worldwide. 

Deregulation in cellular bioenergetics is a hallmark of cancer. Based on the importance 

of metabolic reprogramming for the development and cancer progression, inhibitors of 

cell metabolism have been studied as potential candidates for chemotherapy in 

oncology. Mebendazole (MBZ), an antihelminthic approved by FDA, has shown 

antitumoral activity against cancer cell lines. However, its potential in the modulation of 

tumoral metabolism remains unclear. Results evidenced that the antitumoral and 

cytotoxic mechanism of MBZ in GC cells is related to the modulation of the mRNA 

expression of glycolic targets SLC2A1, HK1, GAPDH, and LDHA. Moreover, in silico 

analysis has shown that these genes are overexpressed in GC samples, and this increase 

in expression is related to decreased overall survival rates. Molecular docking revealed 

that MBZ modifies the protein structure of these targets, which may lead to changes in 

their protein function. In vitro studies also showed that MBZ induces alterations in 

glucose uptake, LDH’s enzymatic activity, and ATP production. Furthermore, MBZ 

induced morphologic and intracellular alterations typical of the apoptotic cell death 

pathway. Thus, this data indicated that the cytotoxic mechanism of MBZ is related to an 

initial modulation of the tumoral metabolism in the GC cell line. Altogether, our results 

provide more evidence about the antitumoral mechanism of action of MBZ towards GC 

cells and reveal metabolic reprogramming as a potential area in the discovery of new 

pharmacological targets for GC chemotherapy. 

 

Keywords: Antitumoral; Drug repurposing; Glycolytic pathway; Metabolic 

reprogramming;  Molecular docking; Pharmacologic targets. 

 

 

 

 



61 
 

1 INTRODUCTION 

 

Deregulation in cellular bioenergetics was first explained by Otto Warburg being a 

hallmark of cancer development (Hanahan and Weinberg, 2011; Warburg, 1956; Warburg 

et al., 1927; Warburg and Dickens, 1931). Glucose metabolism and the glycolytic pathway 

play a central role in the energy generation for cancer development and supply biochemical 

precursors supporting the synthesis of DNA, RNA, protein, and lipids for cellular 

replication (Schiliro and Firestein, 2021). Glycolytic inhibitors like STF-31, 3-

bromopyruvate (3-BP), Benitrobenrazide (BNBZ),  DC-5163, and Oxamic acid have been 

widely studied as pharmacological tools in cancer therapeutics, targeting glucose 

transporters (GLUT) (Chan et al., 2011; Martin et al., 2003), hexokinases (HK) (Cardaci et 

al., 2012; Zheng et al., 2021), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Li et 

al., 2020; Pacchiana et al., 2022), lactate dehydrogenases (LDH) (Kim et al., 2019; Qiao et 

al., 2021; Shibata et al., 2021; Zhang et al., 2022).  

Drug development has relied on standardized nonclinical and clinical steps that can 

take up to 15 years and billions of dollars. Repurposing or repositioning emerges as a 

strategy to identify new applications for approved drugs outside the scope of their original 

clinical indication with a promise of reducing the drug development process's risk, cost, 

and timeline (World Health Organization, 2021).  Many drugs are already commonly used 

off-label; however, there are few in standard clinical practice outside cancer treatment 

being moved into oncology (Pantziarka et al., 2018; World Health Organization, 2021). 

Mebendazole (MBZ), a benzimidazole derivative, is widely known for its 

antihelminthic potential with action in inhibiting tubulin polymerization and glucose 

uptake in helminths (Keystone and Murdoch, 1979; Laclette et al., 1980). MBZ is a safe 

cheap, and widely used drug in developing and low incoming countries (Guerini et al., 

2019; Karra et al., 2016; Thakur and Patel, 2022). Recently, our group has investigated the 

potential of MBZ and identified its mechanism of action linked to the disruption of 

microtubes, the mitigation of metastatic behavior, induction of DNA damage, modulation 

in gene expression, and apoptosis (Pinto et al., 2019, 2017, 2015). Moreover, several 

studies have reported the antitumoral potential of MBZ in different types of cancer, such as 

lung (Sasaki et al., 2002), colon (Nygren et al., 2013; Williamson et al., 2016), brain (Bai 

et al., 2015; Bodhinayake et al., 2015; De Witt et al., 2017; Gallia et al., 2021; Patil et al., 

2022; Skibinski et al., 2018), skin (Doudican et al., 2013), hepatocarcinoma (Q. Li et al., 

2022), head and neck (Kralova et al., 2018; Zhang et al., 2017), thyroid (Williamson et al., 
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2020), pancreas (Williamson et al., 2021), and leukemia (Daniel et al., 2022; Freisleben et 

al., 2019; Li et al., 2019), making it a potential candidate to a repurposing drug into 

oncology practice. 

Lately, cancer care expenses have increased due to rising numbers of patients 

diagnosed, drug failure, and new treatments involving costly anticancer drugs such as 

target therapies. Despite the high expenditure of money and new technologies, many types 

of cancer still lack efficient treatment options and are still associated with unfavorable 

outcomes across different countries (World Health Organization, 2021). Gastric cancer 

(GC) is one of these tumors associated with poor prognosis where early disease stage 

rarely causes symptoms. GC contributes to global cancer incidence and mortality, with 

more than 1 million new cases estimated annually, the fifth most diagnosed malignancy 

globally. Due to its often advanced stage at diagnosis, mortality from gastric cancer is 

high, making it the fourth most common cause of cancer-related deaths worldwide 

(Machlowska et al., 2020; Sung et al., 2021a). Despite combined treatment, GC still has a 

poor prognosis, with 5-year overall survival in less than 30% of cases (Joshi and Badgwell, 

2021; Song et al., 2017). In addition, metastatic GC has long been considered less 

responsive to surgical treatment and more resistant to chemotherapy (Joshi and Badgwell, 

2021; Y. Li et al., 2022).  

Based on the importance of metabolic reprogramming for the development and 

progression of cancer and the vast arsenal of existing approved drugs with established 

safety profiles,  inhibitors of cell metabolism may be an attractive strategy to offer a more 

effective treatment option to patients with gastric cancer (Falzone et al., 2018). To the best 

of our knowledge, the metabolic reprogramming profile of this drug is not yet known. 

Therefore, this study aimed to provide new insights into the action of MBZ on the tumor 

metabolism of GC cell lines and sought to find new metabolic targets of clinical interest in 

the therapy of GC. 

 

2 METHODS  

 

2.1 Chemicals 

Mebendazole (MBZ) (Medley®, 500 mg) and Rotenone (ROT) (Merck®) were 

dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 1 mM and stored at -20 

°C until use. ROT is a mitochondrial complex I inhibitor, leading to metabolic alterations 

and modulation in cellular bioenergetics (Karlsson et al., 2016). Therefore, this compound 
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was chosen as the positive control for the metabolic modulation of cancer cells during 

experiments. 

 

2.2 Cell culture and conditions 

Gastric adenocarcinoma tumor cell lines AGP-01, ACP-03, and ACP-02 were 

established from malignant ascitic fluid (AGP-01) of metastatic primary intestinal-type 

(ACP-03), and primary diffuse-type (ACP-02) tumor (Leal et al., 2009). Cell lines were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco ®) with Low 

Glucose (LG, 5.5 mM) based on previous studies to evaluate metabolic parameters of GC 

cell lines (da Silva et al., 2022). Media were supplemented with 10% (v/v) fetal bovine 

serum (Gibco®), 1% (v/v) penicillin (100 U mL-1), and streptomycin (100 mg mL-1) 

(Invitrogen®), and cell lines were maintained in a 5% CO2 air-humidified atmosphere at 

37 °C. 

 

2.3 Cytotoxicity by Alamar Blue Assay 

Alamar Blue assay (Rampersad, 2012) was employed to define the half-maximal 

inhibitory concentration (IC50) of MBZ to measure the potency of MBZ in inhibiting cell 

proliferation. AGP-01, ACP-02, and ACP-03 cells were seeded in a 96-well plate with 3 x 

103 cells per well in DMEM Low Glucose (LG) conditions. After attachment, cells were 

treated in a concentration-response curve (20 µM – 0.3125 µM) of MBZ for 72 hours. 

Then, the Alamar Blue solution (0.2 mg mL-1) (Merck®) was added to each well for 3 

hours, and the fluorescence intensity (Ex/Em: 530/590 nm) was measured in a microplate 

reader (Beckman Coulter Microplate Reader DTX 880) and IC50 calculated. 

 

2.4  Cell viability by Trypan Blue 

The Trypan Blue exclusion assay was performed to determine the non-cytotoxic 

concentration of MBZ for metabolic studies (Strober, 2015). The AGP-01 cell line was 

plated (7x104 cells/well) in a 24-well plate. After 24 hours, cells were treated with MBZ 

(0.1 µM) and ROT (1 µM) for 24 hours, then cells were treated with 0.025% (m/v) trypsin 

to release cells of the bottom of wells and collected, and all content was centrifugated to 

obtain the cell pellet. In sequence, cells were stained with Trypan Blue solution (0.4%), 

and the cell viability was estimated in the Neubauer chamber by counting the viable and 

non-viable cells. 
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2.5  Cell cycle analysis 

Possible alterations in cell cycle progression induced by MBZ in a non-cytotoxic 

concentration were evaluated. AGP-01 cells were seeded in (7x104 cells/well) a 24-well 

plate and, after attachment, treated with MBZ (0.1 µM) or ROT (1 µM) for 24 hours. Then 

cells and the supernatant were centrifugated, and the pellet was fixed in 80% ethanol 

solution at 4 ºC overnight. After, the cells were centrifugated again, and the pellet was 

resuspended in a solution with propidium iodide (50 µg mL-1) for 30 minutes at 37 ºC. 

Cells were resuspended in PBS 1X, and DNA content was evaluated using flow cytometry 

(BD FACSVerse™). Ten thousand events were analyzed using FlowJo® software 

(Mesquita et al., 2018).  

 

2.6  Glucose uptake 

To determine the glucose consumption rate alterations, AGP-01 cells were seeded 

in a 24-well plate (7x104 cells/well). After cell attachment, the AGP-01 cell line was 

treated with MBZ (0.1 µM) or ROT (1 µM) for 24 hours. Next, the supernatant was 

collected, centrifuged, and glucose concentration (mg/dL) was determined by enzymatic-

colorimetric assay (Labtest®, Brazil) following the manufacturer’s manual. The 

absorbance was estimated at 450 nm using Beckman Coulter Microplate Reader DTX 880 

(da Silva et al., 2022), and glucose uptake was determined. 

 

2.7  Lactate dehydrogenase (LDH) activity 

To evaluate alterations in the lactate dehydrogenase (LDH) enzymatic activity, 

AGP-01cells were plated at 7x104 cells/well in a 24-well plate. After 24 hours, cells were 

treated with MBZ (0.1 µM) or ROT (1 µM) 24 hours, and all cellular content was collected 

and centrifuged. Pellet was resuspended in 100 μL of Triton X-100 (1x) for 30 min at 37 

°C to disrupt the cellular membrane and enzyme release. Further, the LDH activity (U/L) 

was estimated using a commercial biochemical test (Labtest®, Brazil), following the 

manufacturer’s manual. The enzymatic activity was determined by measuring the 

absorbance at 340 using Beckman Coulter Microplate Reader DTX 880 (da Silva et al., 

2022).  
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2.8  Quantification of intracelular ATP levels 

We sought to investigate if MBZ modulates ATP levels in gastric cell lines, so the 

AGP-01 cell line was seeded (7x104 cells/well) in a 24-well-plate and, after cell 

attachment, was treated with MBZ (0.1 µM) or ROT (1 µM) for 24 hours. After exposure, 

cells were trypsinized, and the cellular pellet was resuspended in 200 μL of lysis buffer (2 

mM DTT, 2 mM CDTA, 10% glycerol, 1% Triton X-100, 25 mM Tris-HCl, pH 7.8 ) for 

15 min (Xie et al., 2019). After centrifugation, the supernatant was collected and the ATP 

concentration was determined using the ATP Determination Kit (Invitrogen™) according 

to the manufacturer's protocol. The luminescence intensity (Maximum emission of 560 

nm) was measured in the Cytation 3 Cell Imaging Reader (BioTek®), and ATP 

concentration was determined.  

 

2.9  Morphological analysis 

Initial modulation of metabolism can lead to modification in cellular phenotype 

and morphology (Sobiepanek et al., 2021). As such, the AGP-01 cell line was seeded at 4 x 

104 cells/well in a 24-well plate and treated with MBZ (0.1 µM) or ROT (1 µM) for 24, 48, 

and 72 hours. After exposure, the supernatant was removed, wells were washed twice with 

PBS 1X, and cells were stained with a Fast Panoptic kit (LaborClin®, Brazil) following the 

manufacturer’s manual. Then, cell morphology was analyzed, classified and photographed 

by optical microscopy at 10X magnification (Nikon® Eclipse Ni/DSRi2) (da Silva et al., 

2022). 

 

2.10 Caspase 3/7 activity 

To visualize activation of the apoptotic inducers, caspase 3 and 7, the CellEvent® 

Caspase-3/7 kit (Thermo Fisher Scientific) was used (Mesquita et al., 2020). The AGP-01 

cell line was seeded at a concentration of 4x104 cells/well in a 24-well plate, after cell 

attachment, cells were treated for different times (24, 48, and 72 hours) with MBZ (0.1 

µM) or ROT (1 µM). Next, the supernatant was removed and stored, cells were detached 

and all cell content was centrifuged. In sequence, the cellular pellet was resuspended in the 

staining solution (5 μM of CellEvent® Caspase-3/7 reagent detection into PSB with 5% 

serum) for 30 min at 37 °C following the manufacturer's protocol. Finally, activation of 

Caspase 3/7 was analyzed by flow cytometry (BD FACSVerseTM), the sum of 10,00 
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events was analyzed. The evaluation of Caspase 3 and 7 activations proceeded in FlowJo® 

software (da Silva et al., 2022). 

 

2.11  Analysis of cellular and mitochondrial membrane by flow cytometry 

In sequence, to analyze modifications in cellular membrane integrity and the 

mitochondrial polarization induced by MBZ treatment over time, it was used dual staining 

with propidium iodide (PI) and rhodamine 123 (Rh123), respectively (da Silva et al., 2022; 

Zou et al., 2010). Briefly, AGP-01 cells were plated in a 24-well plate (4x104 cells/well) 

and treated with MBZ (0.1 µM) or ROT (1 µM) for 24, 48, and 72 hours. Then, cells were 

detached, centrifuged, and the pellet was resuspended in 1X PBS solution with PI/Rh123 

(5 μg mL-1 each) for 25 min at 37 °C. To further analysis, cells were centrifuged, and the 

pellet was resuspended in PBS 1x and analyzed by flow cytometry (BD FACSVerse™). A 

sum of 10,000 events was evaluated and cell populations were determined by FlowJo® 

software (Lugli et al., 2010). 

 

2.12  Total RNA extraction and transcript analysis by qRT-PCR 

In previous studies, the metabolic targets SLC2A1 (GLUT1), HK1, GAPDH, and 

LDHA showed significant modification in gene expression correlated with enhancement of 

the proliferative profile in the AGP-01 cell line (da Silva et al., 2022). So, we sought to 

investigate the influence of MBZ in their modulation. First, the in vitro mRNA expression 

of metabolic genes was analyzed in cancer cells after treatment with MBZ. AGP-01 cells 

were seeded (7 x 104 cells per well) for 24 hours and then treated with  MBZ (0.1 µM) or 

ROT (1 µM) for 24 hours. Afterward, the total RNA was extracted using TRIzol® Reagent 

(Life Technologies®, USA). The RNA concentration and quality were determined using 

NanoDrop (Thermo Scientific). Further, reverse transcription was performed using a High-

Capacity cDNA kit, according to the manufacturer’s protocol (Life Technologies, USA). 

Quantitative real-time PCR (qRT-PCR) was executed by the Fast SyberGreen kit 

(Applied Biosystems, USA). The Relative expression levels of SLC2A1 (NM_006516.2), 

HK1 (NM_001322364.1), GAPDH (NM_002046.6), and LDHA (NM_005566.3) were 

normalized and determined using RPLP0 (NM_001002.4) gene as an endogenous control. 

Primer efficiency > 95% was determined for all genes described. 

All requirements proposed in Minimum Information for Publication of 

Quantitative Real-Time PCR Experiments - MIQE Guidelines were followed (Bustin et al., 



67 
 

2009). The expression level was calculated using the 2-ΔΔCT method (Schmittgen and 

Livak, 2008), considering non-treated cells (Negative Control) as a calibrator of the 

experiments. 

 

2.13 Gene expression analysis of metabolic targets through online databases  

The expression of metabolic genes evaluated previously in the AGP-01 cell line 

was correlated with disease outcome by an in silico global gene expression analysis in 

databases with free access to transcriptome data from The Cancer Genome Atlas (TCGA), 

Gene Expression Omnibus (GEO), European Genome-phenome Archive (EGA), and 

Genotype-Tissue Expression (GTEx). Expression patterns in tumor samples and the 

correlation of gene expression with the survival rate of SLC2A1, HK1, GAPDH, and LDHA 

genes were assessed by GEPIA (http://gepia.cancer-pku.cn/) and Kaplan Meier plotter 

(https://kmplot.com/analysis/) software, respectively (Lánczky and Győrffy, 2021; Tang et 

al., 2017). 

 

2.14  Proteins and mebendazole molecules preparation for docking analysis 

Molecular docking was performed to observe glycolic constituents' protein 

interaction with MBZ. The PDB (Protein Data Bank – https://www.rcsb.org/) was used to 

download the “pdb.” files of three-dimensional structures (3D) for GLUT1 (PDB ID: 

6THA), HK1 (PDB ID: 1CZA), GAPDH (PDB ID: 6YND), and LDHA (PDB ID: 5W8J) 

proteins. As a criterion for choosing the best structures, it was looked at those with an X-

ray resolution lower than 2 Angstroms (Å). The two-dimensional (2D) structure of 

mebendazole was designed using MarvinSketch® software to obtain the SMILE code 

(Simplified Molecular Input Line Entry Specification). Then, the structure was converted 

into a three-dimensional (3D) skeleton using the Avogadro® program and geometrically 

optimized. 

The proteins and MBZ structures were processed using PyMol software to remove 

ligands and water molecules. Then the protonation state of the amino acid residues of all 

molecules tested in simulations was adjusted at pH 7.4 using the PDB2PQR-PropKa server 

(https://server.poissonboltzmann.org/). 

 

2.15  Molecular docking analysis 

The molecular docking was performed in the DockThor server 

(https://dockthor.lncc.br/v2/), which uses flexible ligands and rigid receptors as a 

http://gepia.cancer-pku.cn/
https://server.poissonboltzmann.org/
https://dockthor.lncc.br/v2/
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methodology, using a genetic algorithm and the MMFF94S molecular force field to predict 

the score of each pose (de Magalhães et al., 2014; Halgren, 1996). Supplementary Table 1 

summarizes the coordinates and dimensions of the grid box, automatically defined by the 

server itself. 

Four dockings were performed for each enzyme. 1) only MBZ was used as a 

ligand. 2) the enzymes and their native ligands. 3) the native ligands and the drug were 

used concomitantly. 4) the protein already anchored with the MBZ drug was used, and the 

native ligands were added. The poses of MBZ were analyzed e compared with native 

ligands of each enzyme to evaluate the correct pose of interaction. 

2.16  Statistical analyses  

All assays were performed in three independent experiments, in triplicates, and 

the results are expressed as mean ± standard deviation (SD). Normality distribution 

analysis was performed by the Kolmogorov- Smirnov test. The negative control (NC) 

group was compared with mebendazole and the positive control rotenone by Analysis of 

Variance (ANOVA) followed by Bonferroni’s post-test. Significant differences were 

considered with a confidence interval of 95% (p<0.05). GraphPad Prism 5.01 software was 

used for data analysis and graph design. 

 

3 RESULTS 

 

3.1 MBZ presents antitumoral effect in Gastric Cancer cell lines in low 

glucose medium 

Firstly, we sought to assess the cytotoxic concentration of MBZ against gastric 

cancer cell lines after 72 hours of treatment. The cytotoxic potential of MBZ was 

determined in three gastric adenocarcinoma cell lines (AGP-01, ACP-02, and ACP-03) 

cultivated in the Low Glucose (5.5 mM) medium (Table 1). The present study showed that 

the growth of all cell lines was affected by MBZ after 72 hours of treatment. AGP-01, 

ACP-03, and ACP-02 cell lines presented IC50 values of 0.11, 0.21, and 0.24, respectively. 

The AGP-01 cell line showed the best results among tumoral cells with an IC50 of 0.11 

µM, being chosen to continue the evaluation of the effect of MBZ on tumor metabolism 

modulation.  
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Table 1. In vitro cytotoxic activity of MBZ. Cells were cultured in Low Glucose (LG) media and treated 

with a concentration-response curve of MBZ for 72 hours, then Alamar Blue was added, and the half-

maximal inhibitory concentration (IC50) was estimated. The IC50 values (μM) and confidence interval of 95% 

were obtained from three independent experiments. 

 

3.2 Low MBZ concentration shows no cytotoxic nor cell cycle disruption 

after 24 hours of exposure in AGP-01 cell line 

To better comprehend the potential of MBZ in metabolic modulation, without 

interference from cell death, and to ensure that the cells were initially viable. Non-

cytotoxic nor cytostatic concentration and time were evaluated, thus, cells were treated at 

0.1 µM of MBZ within 24 hours of exposure. Results showed that there was no 

modification in the cellular viability and the cell cycle pattern after 24 hours of cell 

exposure to MBZ (Fig. 1A). However, rotenone 1 µM (ROT), a metabolic inhibitor of the 

electron transport chain, significantly reduces cell viability (p<0.0001), enhanced cell 

fragmentation (cells in Sub-G1) and lead to G0/G1 cell cycle arrest (p<0.001) (Fig. 1B).  

Since MBZ (0.1 µM) was not cytotoxic nor changed the cell cycle after 24 h of 

exposure, this concentration and treatment time were defined for subsequent metabolic 

assays once metabolism and its modulation by MBZ could only be observed in viable cells. 

Figure 1. MBZ did not affect cellular viability or cell cycle distribution within 24 hours of exposure. 

Assays were performed after 24 hours of cell exposure to IC50 (0.1 µM) of MBZ and ROT (1 µM). (A) 

Average of cell viability in different treatments by Trypan blue exclusion. Non-treated cells (NC) were set as 

100% (B). The average percentage of the number of cells (%) in the Sub-G1, G0/G1, S, and G2/M phases 

was calculated using FlowJo® software. Data are presented as the mean ± SD of three independent 

experiments. Statistical analysis was performed with ANOVA followed by Bonferroni’s posttest. Significant 

differences: **p<0.001, ***p<0.0001. MBZ: Mebendazole. NC: Negative control. ROT: Rotenone.  

Cell line Origin MBZ IC50  (µM) 

AGP-01 
Malignant ascitic fluid of the metastatic 

primary intestinal type 

0.11 

(0.067 – 0.18) 

ACP-03 Primary intestinal type 
0.21 

(0.11 – 0.39) 

ACP-02 Primary diffuse type 
0.24 

(0.13 – 0.44) 
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3.3 MBZ alters glucose uptake, LDH activity, and ATP production in 

gastric cancer cell line AGP-01 

Then, we sought to visualize if MBZ modulates the metabolic profile of the AGP-

01 cell line by assessing the glucose uptake, LDH activity, and ATP production after 24 

hours of treatment. MBZ inhibits significantly glucose uptake (p<0.05), observed by the 

presence of glucose content in the extracellular compartment when compared to the 

negative control (Fig. 2A). Results also showed that MBZ reduced the intrinsic activity of 

LDH enzyme and hence the intracellular ATP concentration (p<0.0001) (Fig. 2B and C) in 

non-cytotoxic concentration (0.1 µM). Furthermore, the inhibitor of the electron transport 

chain ROT significantly reduces LDH activity and ATP production after the same 

exposure time (Fig. 2C). Thus, the results demonstrate that MBZ, in a short treatment time, 

induces metabolic modulation in the AGP-01 gastric cancer cell line. 

 

Figure 2. The cytotoxic mechanism of MBZ is related to the metabolic modulation of the AGP-01 cell 

line. Assays were performed after 24 hours of cell exposure to IC50 (0.1 µM) of MBZ. (A) Glucose uptake 

was estimated by the concentration of glucose (mg/dL) that remained in the culture media. (B) Intrinsic LDH 

activity. (C) ATP production. Non-treated cells (NC) were set as 100%. Data are presented as the mean ± SD 

of three independent experiments. Statistical analysis was performed with ANOVA followed by Bonferroni’s 

posttest. Significant differences: *p<0.05, ***p<0.0001. MBZ: Mebendazole. NC: Negative control. ROT: 

Rotenone. 
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3.4 MBZ induces morphologic alterations in the AGP-01 cell line 

The analysis of modifications in cell morphology caused by MBZ was performed 

by cell staining to differentiate the nucleus from the cytoplasm. As shown in Figure 3, cells 

treated with MBZ (0.1 µM) or ROT (1 µM) showed morphological modification as 

acidification (Fig. 3 “a” and black arrow), cell lysis (Fig. 3 “b” and black arrow), reduction 

in cytoplasmatic volume (Fig. 3 “c” and black arrow), blebs formation (Fig. 3 “d” and 

black arrow), and nuclear condensation (Fig. 3 “d” and black arrow) from 24 hours of 

exposure. In cells treated with MBZ, time-dependent damage was noticed, with the 

enhancement of morphologic alterations throughout treatment, indicating the triggering of 

the apoptotic process in the AGP-01 cell line. 

 

Figure 3. The treatment with MBZ causes cellular morphologic alteration typical of the apoptotic 

process over time. The AGP-01 cell line was treated with MBZ for 24, 48, and 72 hours and stained with the 

Panoptic kit. Morphological alterations (black arrows) were observed, such as (a) acidification, (b) cell lysis, 

(c) reduction in cytoplasmatic volume, (d) blebs formation, and (e) nuclear condensation. The figures 

represent three independent triplicated experiments (10× magnification, scale = 100 μm). 
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3.5 MBZ triggers Caspase-3/7 activation in the AGP-01 cell line 

To further comprehend the cell death mechanism displayed by MBZ, the 

activation of the apoptotic inducers, caspase 3 and 7, was analyzed. Results showed that 

MBZ did not enhance caspase 3 and 7 activations in the first 24 hours of treatment (Fig. 4). 

Nevertheless, after 48 and 72 hours of treatment was observed a significant enhancement 

of apoptotic inducers, in around 10% and 30 %, respectively (p<0.0001). Results show that 

MBZ takes more than 24 hours to initiate the cell death signaling cascade in the AGP-01 

cell line. 

 

Figure 4. MBZ enhances caspase 3 and 7 activations in the AGP-01 cell line. Gastric cancer cell line 

AGP-01 was treated with MBZ for (A) 24, (B) 48, and (C) 72 hours. CellEvent® Caspase 3/7 kit was 

assessed to analyze caspase 3 and 7 activations by flow cytometry. Data are presented as the mean ± SD of 

three independent experiments of the average percentage of Caspase 3/7-FITC positive cells (CASP 3/7+) 

was analyzed by FlowJo software and is presented in bars on the left side. The representative histogram of 

Caspase-3/7-FITC staining (10,000 events) is shown on the right side. Cells without previous treatment (NC) 

were compared with cells treated with MBZ and ROT with ANOVA followed by Bonferroni’s posttest. 

Significant differences: ***p<0.0001. Data are presented as the mean ± SD of three independent 

experiments. FITC: Fluorescein-5-isothiocyanate. MBZ: Mebendazole. NC: Negative control. ROT: 

Rotenone.
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3.6 MBZ increases cellular membrane fragmentation and mitochondrial 

membrane depolarization in the AGP-01 cell line 

The alterations in the cell membrane integrity and in the mitochondrial membrane 

potential induced by MBZ were analyzed by double staining with PI and Rh123. Mitochondrial 

dysfunction may predict metabolic stress due to its relation with cellular energy production. 

Additionally, analysis of the cellular membrane integrity could reveal intrinsic cellular 

mechanisms (Zou et al., 2010). Results evidenced that in the first 24 hours of treatment, MBZ 

did not alter the cellular membrane integrity as well as the mitochondrial membrane 

polarization (Fig. 5A). However, after 48 hours and 72 of treatment (Fig. 5B and C), MBZ 

caused enhancement in cellular membrane disruption (Rh123+ /PI+), and mitochondrial 

membrane depolarization (Rh123- /PI-) with a significant reduction in cells with viable profile 

(Rh123+ /PI-). Data evidenced that the initial metabolic stress caused by MBZ results in 

mitochondrial damage and cellular membrane integrity disruption related to its intracellular 

cytotoxic mechanism. 
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Figure 5. MBZ leads to modifications in cellular membrane integrity and causes mitochondrial membrane 

depolarization in the AGP-01 cell line. The AGP-01 cell line was treated with MBZ for (A) 24, (B) 48, and (C) 

72 hours, stained with PI and Rh123, and analyzed by flow cytometry. The histograms on the right size show a 

representative cell distribution in two-dimension scatter plots of double staining (10,000 events). The graphs on 

the left side represent the average of cells analyzed. Cell populations were analyzed by FlowJo software. Data are 

presented as the mean ± SD of three independent experiments. Cells without previous treatment (NC) were 

compared to cells treated with MBZ and with the positive control ROT by ANOVA followed by Bonferroni’s 

posttest. Significant differences: *p<0.05, **p<0.001, ***p<0.0001. MBZ: Mebendazole. NC: Negative control. 

PI: Propidium Iodite. Rho123: Rhodamine 123. ROT: Rotenone. 

 

 

 

3.7 In vitro and in silico analyses reveals that MBZ reduces the mRNA 

expression of metabolic-related genes predictors of poor prognosis in gastric cancer 

Based on metabolic reprogramming, the glycolytic pathway has a central role in the 

energy generation for cancer development (Schiliro and Firestein, 2021).  Glycolytic proteins 

as glucose transporter (GLUT1), hexokinase 1 (HK1), Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), Lactate Dehydrogenase A (LDHA) have been studied as targets for 

antitumoral drugs, once they are frequently overexpressed in cancer cells (da Silva et al., 2022; 

Xintaropoulou et al., 2015).  
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Thus, the gene expression of the glycolytic pathway targets, SLC2A1, HK1, GAPDH, 

and LDHA, were analyzed by RT-qPCR in AGP-01 cells after 24 hours of MBZ exposure. As 

shown in Figure 6A, MBZ decreases the expression of SLC2A1, HK1, GAPDH, and LDHA 

(p<0.05) after 24 hours. The most affected targets were SLC2A1 and LDHA, with 

approximately a 90% reduction in transcripts. The less affected transcript was GAPDH, 

showing a reduction of only 50% in mRNA expression. Thus, results attested to the initial 

modulation of the transcript levels of the glycolytic targets by MBZ. 

In sequence, we perform the in silico global expression analyses of the metabolic genes 

affected by MBZ treatment. The GEPIA database evaluated the gene expression of 408 CG 

samples and 211 samples from adjacent normal tissues. The analyses indicated that genes from 

the glycolytic pathway (Fig. 6B), such as SLC2A1, GAPDH, and LDHA, showed 

hyperexpression in CG samples compared to normal tissue. HK1 did not show a statistical 

difference in CG samples compared to normal samples (p<0.05). The online analysis also 

showed that the highly expressed SLC2A1, HK1, and GAPDH led to a reduction in the overall 

survival (OS) rate in patients with CG (p<0.05). Otherwise, low expression of LDHA seems to 

be related to the reduction in the OS in GC’s patients. Altogether, the data reaffirm the 

importance of metabolic reprogramming to cancer development, being potential biomarkers of 

poor prognosis in GC, mainly genes of the glycolytic pathways, which may become critical 

metabolic targets in GC therapy. Furthermore, in vitro results showed the potential of MBZ in 

reducing the level of these genes in the GC AGP-01 cell line, being potentially 

pharmacological targets of MBZ in the clinic. 
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Figure 6. MBZ modulates gene expression of metabolic-related genes predictors of poor prognosis in gastric 

cancer. (A) After 24 hours of cell exposure to MBZ, total mRNA was extracted, and analyzed the transcripts 

levels for SLC2A1, HK1, GAPDH, and LDHA. Gene expression was normalized by endogenous gene RPLP0, 

and the NC group was used as a calibrator of the experiment. (B) Global expression of metabolism-related genes 

SLC2A1, HK1, GAPDH, and LDHA were analyzed by online gene expression databases. The GEPIA dataset 

shows the hyperexpression of genes in CG samples (red boxplot). (C) Kaplan–Meier Plotter analysis evidenced 

reduced OS rate in patients with high gene expression of transcripts related to metabolism pathways. Data are 

presented as the mean ± SD of three independent experiments, and statistical analysis was performed with 

ANOVA followed by Bonferroni’s posttest. Significant differences: *p<0.05, ***p<0.0001. MBZ: Mebendazole. 

NC: Negative control. HR: Hazard Ratio. ROT: Rotenone. 

 

3.8 In silico analyses shows the interaction of MBZ with metabolic proteins  

As observed in the previous result, MBZ alters the levels of mRNAs related to the 

glycolytic pathway in the AGP-01 cell line. Thus, molecular docking was performed towards 
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GLUT1, HK1, GAPDH, and LDHA, which are the product of genes evaluated above, to verify 

the interaction and pharmacological potential of MBZ as a metabolic modulator (Figures 7-10).   

 

3.8.1   GLUT1  

MBZ was evaluated by molecular docking against GLUT1 protein alone and in the 

presence of its ligands (Figure 7). Alone, MBZ interacts with GLUT by an ionic interaction 

with the amino acid residue Glu373 (Figure 7A). It is possible to see only one interaction with 

the amino acid Glu373 with an energy of -8.56 kCal Mol-1 (Supplementary Table 2). The root 

means square deviation (RMSD) of GLUT1 after interaction with MBZ indicated a value of 

1.242 Å, suggesting an alteration in the structure of GLUT1 caused by MBZ.  

In Figure 7B, the native ligands bound to GLUT1 near the active site supported by 

interactions Ser73, Gly77, Asn81, Lys249, Asn281 and Asn408 and different energies for each ligand 

(Supplementary Table 2). Interestingly, MBZ in the presence of GLUT1 native ligands (Figure 

7C) revealed that the ligands remained in the same place they were in the previous dockings, 

including performing polar interactions with the same residues. However, it is possible to see 

the P33 and BNG underwent a slight change in their conformation. Additionally, the interaction 

of MBZ with GLUT1 also changes.  

Alone, MBZ interacts only with Glu373. In the presence of ligand, MBZ acquires a new 

interaction with Asn281 residues (Figure 7C). Curiously, the same residue Asn281 interacts with 

both MBZ and P33 (Figure 7C), which we can infer as an effect caused by adding MBZ. The 

energy of interaction of MBZ with GLUT1 in the presence of ligands slightly changes from -

8.560 to -8.601 kCal mol-1 (Supplementary Table 2). Another docking assay was performed to 

evaluate if MBZ could change the interaction of GLUT1 with its ligand. So, GLUT1, in the 

presence of MBZ, was redocked against its ligand (Figure 7D). It noticed changes in the 

position of ligands interaction. All ligands were attracted to the binding site where the MBZ 

was, including changing the interactions with the amino acids. In this case, there are only 

connections with residues Asn281 and Glu373 (Figure 7D). As revealed in supplementary table 2, 

all interaction energies of ligands changed. 
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Figure 7. Molecular docking analysis of the GLUT1 protein and MBZ. (A) Docking the GLUT1 with the MBZ; (B) Docking of 

GLUT1 and native ligands; (C) Docking the GLUT1 bound to MBZ and then with native ligands simultaneously; (D) docking of 

GLUT1 bound with the native and thus with MBZ. 

 

3.8.2   HK1  

Regarding the interaction with HK1 protein alone, MBZ was able to interact with two 

amino acid residues, Glu101 and Arg159 (Figure 8A), with an energy of interaction of 7.547 kcal 

mol-1 (Supplementary Table 3) and an RMSD value of 1.248 Å also indicating a change in the 

HK1 structure. Different than GLUT1, in the HK1, the natural ligand interacts at different sites 

in the proteins as revealed by Figure 8B with interaction Arg15, Asp69, Asp194, Arg292, Lys300, 

Arg316, Asp398, Ser400, Arg410 and Arg411 amino acid residues.  

In Figure 8C, in the presence of all native ligands of HK1, MBZ interacted in a different 

region. Now, MBZ is closer to the ADP ligand and occupying the position previously occupied 

by the GLC (Figure 8C), which moved to the site where the G6P is anchored (Figure 8C). 

These conformational changes led MBZ to interact with the amino acids Thr321 and Ser400 and 

native ligands bound to residues Arg292, Lys300, Arg316, Thr321, Ser400, Arg410, Arg411, Lys414, 

and Arg418 (Figure 8C).  

The docking of HK1 with its ligands in the presence of MBZ also caused alterations. In 

the presence of MBZ, HK1 interact with ligand in different amino acid residues Asp69, Arg76, 

Arg194, Arg410, Arg411, Lys414, and Arg418 (Figure 8D). In the presence of MBZ, G6P and ADP 

interact in the same site, contrasting with the normal interaction (Figure 8D). The energies of 

interaction also changed and are summarized in Supplementary Table 3. 
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Figure 8. Molecular docking analysis of the HK1 protein and MBZ. (A) Docking the HK1 with the MBZ; (B) Docking of 

HK1 and native ligands; (C) Docking the HK1 bound to MBZ and then with native ligands simultaneously; (D) docking of HK1 

bound with the native and thus with MBZ. 

 

3.8.3   GAPDH  

MBZ also interacted with the GAPDH protein (Figure 9A) by performing ionic bonds 

with Asp34 and Arg12 with an energy of interaction of -7.195 kcal mol-1 (Supplementary Table 

4) and RMSD value of 1.462 Å. In the docking of the XPE native ligand, it was seen that it 

makes connections with Arg12, Arg15, and Ala181 (Figure 9B).  

The docking of MBZ with GAPDH in the presence of XPE revealed that MBZ 

remains in the same position as alone but induces changes in the interaction of XPE with 

GAPDH (Figure 9C). In the presence of XPE, is interacting with Asp196 and Arg232 from 

GAPDH rather than Arg12, Arg15, and Ala181 (supplementary figure 3C), suggesting that MBZ 

interferes in the interaction of GAPDH with its natural ligand. The energies of these 

interactions are summarized in supplementary table 4. In contrast, when XPE is docked with 

GAPDH in the presence of MBZ, the interactions are the same as XPE alone (Figure 9D); 

however, with a slight difference in the interaction energy (Supplementary table 4). 
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Figure 9. Molecular docking analysis of the GAPDH protein and MBZ. (A) Docking the GAPDH with the MBZ; (B) 

Docking of GAPDH and native ligands; (C) Docking the GAPDH bound to MBZ and then with native ligands simultaneously; 

(D) docking of GAPDH bound with the native and thus with MBZ. 

 

3.8.4   LDHA  

The complex of LDHA and MBZ alone is supported by the ionic interaction of MBZ 

with Asp255 and Arg168 (Figure 10A) with an interaction energy of -7.550 kcal mol-1 

(Supplementary Table 5) and RMSD value of 1.385 Å. In Figure 10B, native substrates bound 

to residues Asp138, Arg166, Glu189, Lys242, Thr245, Ser246, Trp247, and Ala248 (Figure 10A) and the 

energy of interaction of each ligand is summarized in Supplementary Table 5.  

The docking analysis of MBZ with LDHA in the presence of its natural ligand did not 

change the amino acid residues of interaction with MBZ and remained the same as MBZ alone, 

Asp255 and Arg168 (Figure 10A and C). However, the interaction of MBZ with LDHA interferes 

with the precise attachment of the GOL (Figure 10C). Without MBZ, GOL interacts with 

Glu189 and Asp138 amino acid residues (Figure 10B). However, in the presence of MBZ, 

GOL interacts with Ala248 and Thr245 (Figure 10C). The interaction of MBZ with GAPDH 

alters the interaction with ligands already bound to the enzyme, which alters the energy of 

interaction of GOL with LDHA (Supplementary Table 5). 

The docking analysis of LDHA ligands in the presence of MBZ anchored to the enzyme 

led to modifications in the ligand’s interaction with LDHA (Figure 10D). In this case, the 

native ligands interacted only with residues Thr92, Asn135, Arg168, Lys242, Ala248 and Asp255 

(Figure 10D). In all cases, the presence of MBZ alters the energy of interaction of LDHA with 

substrates (Supplementary Table 5).   
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Figure 8. Molecular docking analysis of the LDHA protein and MBZ. (A) Docking the LDHA with the MBZ; (B) Docking 

of LDHA and native ligands; (C) Docking the LDHA bound to MBZ and then with native ligands simultaneously; (D) docking 

of LDHA bound with the native and thus with MBZ. 

 

4 DISCUSSION 

 

Although the development of new techniques and surgical equipment, along with new 

therapies, the increase in 5 years survival rates and decreased the number of deaths of patients 

diagnosed with GC, the number of deaths caused by this neoplasia worldwide remains high 

(Arnold et al., 2020; Miao et al., 2022; Sung et al., 2021b). Metabolic reprogramming is an 

emergent hallmark of cancer progression and antitumoral drugs with activity in malignant 

metabolic modulation have become potential compounds in cancer therapy (Hanahan and 

Weinberg, 2011; Luengo et al., 2017; Stine et al., 2022). In this sense, studying drugs and their 

role in malignant metabolism modulation presents a novel approach to discovering new targets 

in GC treatment. Our results showed that MBZ, a potential drug undergoing a pharmacological 

repositioning process, presented highly antitumoral activity in GC cell lines (Table 1) driven by 

multiple mechanisms that alter cancer cells' energetic metabolism, depleting the glucose 

employment in ATP production. 

The antimetabolic potential of MBZ was first described in 1987. In the study, the 

antihelmintic activity was linked to the inhibition of enzymes related to carbohydrate 

metabolism leading to parasite death (Ahmad and Nizami, 1987). Although there are studies 

describing the antitumor mechanism of MBZ in different types of cancer (Bai et al., 2015; 

Bodhinayake et al., 2015; Daniel et al., 2022; De Witt et al., 2017; Doudican et al., 2013; 

Freisleben et al., 2019; Gallia et al., 2021; Kralova et al., 2018; Nygren et al., 2013; Patil et al., 
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2022; Pinto et al., 2015; Sasaki et al., 2002; Skibinski et al., 2018; Williamson et al., 2021, 

2020), this is the first one to demonstrate its primary activity on the metabolic inhibition of GC 

cell lines, which may lead to the discovery of new relevant targets in cancer chemotherapy (Bin 

et al., 2022).  

Several studies do not consider the glucose content in the cultured medium. However, 

cells maintained in high glucose conditions (25 mM of glucose) would present experimental 

bias due to the high amount of nutrients, which is not even similar to that presented in normal 

glycemic conditions (4–6 mM) nor in tumor (ranging from 0.4 mM in the tumor for 1.3 mM in 

the surrounding tissue) (da Silva et al., 2022; Han et al., 2011; Hirayama et al., 2009; Razzak et 

al., 2018; Zhuang et al., 2014). Interestingly, cytotoxicity results of MBZ in GC cell lines were 

better in cells maintained in low glucose conditions when compared to the same cell line 

maintained in high glucose (Pinto et al., 2015). Results showed around 5-6 fold reduction in 

IC50 of metastatic (AGP-01 cells) and primary tumor (ACP-03 cells), respectively, evidencing 

that low glucose (5.5 mM) environment is better for understanding the GC metabolism.  

Non-cytotoxic exposure times and concentrations are ideal for helping the 

understanding of modifications in intracellular pathways without the final process of cellular 

death. This condition is essential to shedding more light on the mechanism by which MBZ 

drives cancer cells to death by modulation of metabolism (Fujita et al., 2020). Thus, the non-

cytotoxic or cytostatic time of 24 hours was chosen (Fig. 1). Other studies evidenced that MBZ 

can lead to G0/G1 or G2/M cell cycle arrest depending on the concentration and time used for 

cell treatment (Mukhopadhyay et al., 2002; Pinto et al., 2019; Williamson et al., 2020). This set 

of experiments was essential to show that the effects of MBZ go beyond the inhibition of 

energetic cellular metabolism. Somehow, in GC cells and other types of cancer, MBZ could 

interfere with nuclear function, impacting cell division cycles and thus jeopardizing cancer cell 

development (Pinto et al., 2019).  

MBZ led to a reduction in glucose uptake, LDH activity, and ATP production in the 

AGP-01 cell line (Fig. 2). The reduced expression of metabolic enzymes and transporters is 

related to a decrease in metabolic flow and, consequently, in the final energy production, 

studies have shown this mechanism as commonly used by potential antitumoral drugs with the 

target in metabolism deregulation of tumoral cell lines (Brockmueller et al., 2021; Han et al., 

2015; He et al., 2019; Xu et al., 2020). Remarkably, these results are exciting and in agreement 

with in silico analysis. The reduction in glucose uptake agrees with the reduction of SLC2A1 

mRNA expression and the interaction of MBZ with GLUT1 itself (Fig. 6 and 7). Additionally, 

the reduction of LHD activity is a result of either the reduction with the accumulation of LDH 
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or direct effect of MBZ in the LDH activity (Fig. 2, 6, and 10). In both cases, the in silico 

prediction of dockings interaction was corroborated by in vitro experiments.  

The modulation of metabolism by MBZ enhanced the apoptotic mechanism of cell 

death of the AGP-01 cell line throughout treatment time, as shown in Figures 3, 4, and 5. 

Improvement of morphologic alterations typical of apoptosis, enhancement in caspase 3 and 7 

activity, as well as the propidium iodide incorporation (PI+) indicates activation of the 

intracellular mechanisms of cell death (da Silva et al., 2022; Vasconcelos et al., 2018). Results 

also showed a reduction in Rhodamine 123 staining (Rh123-) (Fig. 5), indicating mitochondrial 

membrane depolarization after treatment with MBZ. Mitochondria is crucial for energy 

formation as ATP during the process known as oxidative phosphorylation (Moindjie et al., 

2021). Insults in the mitochondrial architecture and polarization are strongly related to ATP 

production and cell death mechanisms (Vakifahmetoglu-Norberg et al., 2017). Thus, results 

show that MBZ also disrupts the energy-producing machinery of the cancer cell line AGP-01, 

triggering the apoptotic process. 

Glucose metabolism is essential for cell growth and development because it provides 

the primary source of energy and carbon skeleton for cellular biosynthesis (Stine et al., 2022). 

Based on that, glucose metabolism became a recent area to seek for new metabolic targets in 

oncology (Stine et al., 2022). The solute carriers of the glucose transporter (GLUT) family 

mediate the first step of the glucose metabolism pathway allowing glucose transport into the 

cell. Studies have identified hyperexpression of GLUT1, encoded by the SLC2A1 gene, in 

metabolic reprogramming and malignant phenotype development in GC (Min et al., 2021; Yan 

et al., 2015).  

Once glucose is in the cytosol, a sequence of biochemical reactions (glycolytic 

pathway) is responsible for glucose conversion into pyruvate. Therefore, some enzymes such as 

hexokinase (HK) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) exert pivotal roles 

in glucose transformation and alterations in their gene expression and activity are associated 

with GC malignant phenotype acquisition (da Silva et al., 2022; Nowak et al., 2018).  

Our analysis showed that MBZ reduced the mRNA expression of SLC2A1, HK1, and 

GAPDH in the metastatic AGP-01 cell line (Fig. 6). Glycolysis is an ancient energetic pathway 

employed by cells to produce ATP. In biochemical terms, glycolysis is employed by both 

anaerobic and aerobic organisms, being more profitable in aerobic ones (Zhang et al., 2021). 

Moreover, in cancer cells, glycolysis serves much more than just oxidate glycolysis (Hu et al., 

2014). In cancer cells, as revealed by Otto Warburg, anaerobic glycolysis is predominant, even 

being less productive for ATP levels. The Warburg effect provides a fruitful environment for 
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cancer cells to grow, proliferation, aggressiveness, and drug resistance. The Warburg effect 

leads to a high accumulation of lactate outside the cell, acidifying the medium and favoring 

cancer cell growth  (de la Cruz-López et al., 2019; Hu et al., 2014; San-Millán and Brooks, 

2017).  

Based on that, it is clear that by reducing the expression of genes related to glucose 

uptake (SLC2A1), glycolysis pathway (HK1 and GAPDH), and lactate production (LDHA) 

drastic changes in cellular metabolism occur, occasionally triggering cell death mechanisms. 

SLC2A1 encodes for GLUT1 transporter and is the highest expressed isoform in cancer types, 

increasing the intracellular glucose levels and keeping the glycolysis pathway active (Guo et 

al., 2011; Lai et al., 2012). Also, to keep the energy cycle moving, enzymes must be produced. 

HK1 and GAPDH are important glycolytic genes responsible for critical steps of the glycolysis 

pathway. HK is responsible for the first step in the glycolytic pathway by phosphorylating 

glucose to produce glucose-6-phosphate consuming one mol of ATP (Guo et al., 2023). 

GAPDH catalyzes the sixth step of the glycolytic pathway by converting glyceraldehyde-3-

phosphate into 2-phosphoglycerate, producing one mol of NADH, the first compensatory event 

in the pathway (Zhu et al., 2021). 

Lactate dehydrogenase (LDH) facilitates the glycolytic process by converting pyruvate 

to lactate. Lactate production in glycolysis contributes largely to malignant progressions, like 

replenishing NAD+ for glycolysis, lowering pH for invasion, and eliciting immune system 

escape. Aberrant expression and activation of LDHA are strictly related to different cancers 

(Feng et al., 2018; Sheng et al., 2012). Moreover, high serum LDH levels are usually associated 

with a poor prognosis in many cancer types. Even the most effective drugs, which have entirely 

improved patient outcomes in clinics over the past decade, provide minimal benefit to those 

with high serum LDH levels  (Claps et al., 2022; Hatami et al., 2023). 

It is well-known that glycolytic genes are essential to promote carcinogenesis, 

protecting cancer cells from apoptosis events and malignant proliferation (Claps et al., 2022; 

Zhang et al., 2021). Additionally, the non-canonical activity of these glycolytic-related genes 

has been reported to favor cancer cells (Hu et al., 2014). The higher expression of these genes 

is also associated with low survival in patients (Fig. 6C). Therefore, seeking a drug that 

interacts with tumor metabolism is relevant. Here, it is shown that one of the mechanisms 

employed by MBZ toward GC is by reducing the expression of these genes (Fig. 6A), 

suggesting the interference of vital pathways to cancer establishment.  
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Even though the reduction of these genes by MBZ is high, it did not reach zero (Fig. 

6A). For example, GAPDH gene expression remains with values around 50%. Nevertheless, the 

lower expression of these genes indicates the presence of proteins in cells. Based on that, a 

question emerged: Can MBZ interact with the product of those genes and inhibit their activity? 

Docking analysis suggested that MBZ interacts with those proteins and induces conformational 

changes in their 3D structures (Figures 7-10 and supplementary tables 2-5). By inducing 

changes in the 3D structures of those proteins, MBZ also interferes with their interaction with 

respective substrates, indicating interference in activity.  

A study performed by Chan and co-workers (2011) (Chan et al., 2011) evaluated the 

interaction of STF-31 with GLUT1 as a renal cell carcinoma target, the interactions of STF-31 

with Arg126 and Trp412 residues from GLUT1. MBZ interacted with a different residue (Fig. 7). 

Another study with HK1 by Kulkarni and co-workers (2022) (Kulkarni et al., 2022) used the 

same structure we used (Fig. 8). The authors evaluated the interaction of Glycyrrhizin with 

HK1 with residues Asp79, His99, Lys146, Lys147, Leu148, Pro149, Ala458, Tyr461, Lys481, Lys880, and 

Lys885. MBZ interacted with different residues than those reported. 

Regarding GAPDH, in another study by Noh and co-workers (2021) (Noh et al., 2021), 

it was shown that a folic acid derivate interacts with GAPDH by the following residues Asn8, 

Gly9, Gly11, Arg12, Gly14, Asn33, Asp34, Arg78, Ala96, and Thr97. One residue common to MBZ 

is the Asp34  (Fig. 9A). The interaction of MBZ with GAPDH is close to the folic acid derivate, 

suggesting this spot could be important to the function of GAPDH.  

For LDHA, Sun and co-workers (2016) (Sun et al., 2016) tested compounds to inhibit 

pancreatic cancer. Through in silico analysis, it was verified that the compounds interacted with 

Asp52, Gly97, Arg99, and Arg112. In another study, carried out by Pandey and co-workers (2019) 

(Pandey et al., 2019), involving the molecular docking analysis of the anti-inflammatory drug 

diclofenac for possible uses in cancer therapy, interactions were found with residues Arg105, 

Asn137, Pro138, Val139, Asp140, Ile141, Glu191, His192, Gly193, Asp194, Ser195, Tyr238, and Leu322. In 

all these cases, the interaction residues were completely different than the one presented by 

MBZ. 

In contrast, Amr and co-workers (2020) (Amr et al., 2020) analyzed other compounds 

with anticancer potential and found interactions with the amino acids Asn137, Arg168, His192, 

Tyr238 and Thr247. Among the residues found, only Arg168 showed a link in common with MBZ 

during the interaction with LDHA. All the results suggested that MBZ present unique 

interactions with all these proteins mentioned above, indicating a new interaction model with 
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them and thus reinforcing the potential of MBZ to be employed in developing a new drug 

against GC.  

Here, in addition to the interaction of the MBZ with enzymes, we also showed MBZ 

interferes in the interaction of the enzymes with respective substrates, which potentialize the 

effect of MBZ on these enzymes. Additionally, it was shown that MBZ has a unique interaction 

with those enzymes compared to other molecules in the literature. Our results revealed that 

MBZ affects the metabolisms of GC cells in two ways. First, shutting down the expression of 

genes by an unknown mechanism. Second, the molecular docking analysis revealed that even 

the proteins produced could be inhibited by MBZ present in the cytoplasm of GC cells.  

In context, MBZ inhibits at different points the energetic metabolism. By inhibiting the 

expression of the gene and the activity of GLUT1, MBZ interferes with glucose uptake in the 

GC cell line. Targeting both HK1 and GAPDH genes and activities, MBZ blocks the glycolysis 

pathway. Lastly, affecting the pattern of LDHA gene expression and LDH enzyme activity, 

MBZ did not allow the conversion of pyruvate in lactate and NAD+ regeneration. The 

pharmacologic or genetic inhibition of SLC2A1, HK1, and GAPDH genes has been shown to 

reduce cell growth, drug resistance, migration, invasion, and trigger cell death in vitro and in 

vivo cancer models (Ding et al., 2017; Fu et al., 2022; Pacchiana et al., 2022; Shima et al., 

2022; Zhou et al., 2018).  

Targeting metabolic constituents is relevant to GC therapy. Our searches in gene 

expression databases of patients with GC demonstrated that SLC2A1 and GAPDH are 

hyperexpressed in GC samples and that the enhancement in mRNA levels of SLC2A1, HK1, 

and GAPDH are correlated with a reduction in the overall survival rate of these patients (Fig. 

6). The dysregulation in the expression of these proteins are also shown in others studies that 

correlate this alteration with improvement in proliferative and metastatic profile, as well as with 

the poor prognosis in GC patients (Gao et al., 2015; Wang et al., 2017; Yan et al., 2015; Yang, 

2020). 

Changed energy metabolism has emerged as one of the critical cancer biochemical 

fingerprints. Our results suggest that MBZ can interfere with the glycolysis pathway, inhibiting 

critical targets related to metabolism evolved in cancer progression and drug failure in gastric 

cancer. Moreover, low glucose uptake predisposes cells to higher cytotoxicity and, thus, 

apoptosis in gastric cancer cells. Low-calorie uptake during chemotherapy cycles might 

sensitize cells to chemotherapy by interfering with cell metabolism. These findings may change 

understanding how metabolism can interfere with drug efficacy and chemotherapy regimens.  
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5 CONCLUSION 

 

Therefore, it was shown that MBZ induced changes in the energetic metabolism 

related to glucose starting on uptake through the oxidation pathway. By altering the gene 

expression and activity of respective proteins, all associated with a poor outcome in the clinic, 

MBZ has driven AGP01 cancer cells to death by intracellular apoptosis-related mechanisms. 

This study shed new light on the cytotoxic mechanism of MBZ in GC cell line AGP-01, 

providing more information that can help this drug become a potential chemotherapy in the 

clinical therapy of GC.  
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SUPPLEMENTARY MATERIALS 

 

Supplementary Table 1. Coordination and size of grid box used in the docking analysis on the DockThor server.  

 

 

 

 

 

 

 

 

 

Supplementary Table 2. Docking Scores provided by the DockThor server for the interaction of MBZ and 

GLUT1 alone and with ligands. 

Score (kcal/mol) 

Ligantes 

Docking Assays 

Alone 
Only native 

ligand 

MBZ in the 

presence of 

ligands 

Ligands in the 

presence of MBZ 

MBZ -8.560 * -8.601 -8.560 

P33 * -8.457 -8.457 -7.362 

BNG * -7.743 -7.743 -8.228 

CL * -5.824 -5.824 -5.873 
*Absent in the docking. 

MBZ: Mebendazole. P33: Heptaethylene glycol. BNG: Nonyl beta-D-glucopyranosid. CL: chloride ion. 

 

Supplementary Table 3. Docking Scores provided by the DockThor server for the interaction of MBZ and HK1 

alone and with ligands. 

Score (kcal/mol) 

Ligands 

Docking Assays 

Alone 
Only native 

ligand 

MBZ in the 

presence of 

ligands 

Ligands in the 

presence of MBZ 

MBZ -7.457 * -7.592 -7.457 

ADP * -7.486 -7.486 -6.932 

G6P * -6.438 -6.989 -6.404 

GLC * -5.770 -6.920 -5.776 
*Absent in the docking. 

MBZ: Mebendazole. ADP: Adenosine 5′-diphosphate. G6P: Glucose-6-phosphate dehydrogenase. 

GLC: α- D-Glucopyranose. 

 

 

 

 

 

 

Proteins PDB ID 
Coordinations 

Grid box 
X Y Z 

GLUT1 6THA 19.195 53.868 7.646 40 x 40 x 40 

HK1 1CZA 34.852 49.673 21.177 40 x 40 x 40 

GAPDH 6YND -61.044 12.921 87.364 40 x 40 x 40 

LDHA 5W8J 34.163 13.489 32.020 40 x 40 x 40 
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Supplementary Table 4. Docking Scores provided by the DockThor server for the interaction of MBZ and 

GAPDH alone and with ligands. 

Score (kcal/mol) 

Ligands 

Docking Assay 

Alone 
Only native 

ligand 

MBZ in the 

presence of 

ligands 

Ligands in the 

presence of MBZ 

MBZ -7.195 * -7.230 -7.195 

XPE * -6.904 -6.742 -6.862 
*Absent in the docking. 

MBZ: Mebendazole. XPE: Decaethylene glycol. 

 

Supplementary Table 5. Docking Scores provided by the DockThor server for the interaction of MBZ and 

LDHA alone and with ligands. 

Score (kcal/mol) 

Ligands 

Docking Assay 

Alone 
Only native 

ligand 

MBZ in the 

presence of 

ligands 

Ligands in the 

presence of MBZ 

MBZ -7.550 * -7.405 -7.550 

DMSO * -6.441 -5.955 -6.180 

9Y7 * -8.360 -8.360 -8.401 

GOL * -6.170 -6.436 -6.070 

MLA * -6.226 -6.057 -5.556 
*Absent in the docking. 

MBZ: Mebendazole. DMSO: Dimethyl sulfoxide. GOL: Glycerol. MLA: Malonic acid. 9Y7: 2-[3-[3,4-

bis(fluoranyl)phenyl]-5-oxidanyl-4-[(4-sulfamoylphenyl)methyl]pyrazol-1-yl]-1,3-thiazole-4-carboxylic acid. 
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ABSTRACT 

 

The nucleotide biosynthetic pathway has major importance in maintaining tumor replication 

through DNA and RNA synthesis. Therefore, drugs targeting the inhibition of these pathways 

are important to the clinic, Mebendazole (MBZ) is an anthelmintic with antitumor activity in 

gastric cancer (GC) metastatic cell line AGP-01, recent studies showed its effect in the glucose 

metabolic pathway, however, its influence in nucleotide synthesis remains poorly understood. 

Thus, this study aims to investigate the role of MBZ in nucleotide synthetic pathways and to 

evaluate whether modulation in the expression of key targets for DNA/RNA synthesis is 

associated with its antiproliferative effect. Results showed that MBZ has antitumor activity 

similar to chemotherapy 5-FU in the GC cell line, however, evidenced less toxicity to non-

tumoral cells. Gene expression analysis attested that the nucleotide metabolism target genes 

PRPS1, TYMS, MTHFD1, and HPRT1 are hyperregulated in tumor samples and that the high 

expression of TYMS, MTHFD1, and HPRT1 is correlated to a reduction in overall survival rates 

in GC patients. Remarkably, MBZ can reduce the expression of metabolic targets that are 

overpressed, lead to cell cycle arrest to G0/G1, and suppress the proliferation of AGP-01, this 

effect was related to a lower expression of metabolic target genes. Altogether, data evidenced 

that MBZ has a role in modulating the nucleotide synthesis pathways, being associated with its 

antiproliferative and selective effect in the AGP-01 GC cell line. Thus, this work contributes to 

the exploration and validation of new important pharmacological metabolic targets for the 

treatment of metastatic GC. 

 

Keywords: Chemotherapy; DNA synthesis; Metabolic Pathway; Proliferation; Toxicity. 
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1 INTRODUCTION 

 

According to Hanahan and Weinberg [1], cellular energy dysregulation is among the 

10 characteristics of cancer development. Energy reprogramming is essential for tumor 

development, cellular energy metabolism needs to adapt to the large energy demand necessary 

for the uncontrolled proliferation of neoplastic cells. In the 1920s, researcher Otto Warburg 

demonstrated that cancer cells exhibited changes in their metabolism when compared to normal 

cells. Cellular hyperproliferation depends on an increase in the number of replicative cycles, 

including the synthesis of new cellular macromolecules such as DNA and RNA that support 

uncontrolled replication [1]. Genes related to nucleotide synthesis pathways are overexpressed 

in several types of cancer and have shown interest as new pharmacological targets in 

antitumoral therapy [2,3]. 

The study of the relationship between nucleotide metabolism and its correlation to 

cancer development and progression has been highlighted in clinical research [4,5]. The 

cytotoxic drugs, known as antimetabolic chemotherapies, 5-fluorouracil (5-FU), methotrexate, 

capecitabine, and cytarabine are examples of antitumoral compounds with clinical success that 

target nucleotide metabolism, leading to direct or indirect inhibition of purine and pyrimidine 

synthesis pathways and thus preventing the formation of RNA and/or DNA and cell replication 

[6,7]. Moreover, the search and study of new molecules targeting cellular metabolism and, 

more specifically, nucleotide metabolism can help in the discovery of new molecular targets for 

cancer therapy [8]. 

Two pathways responsible for nucleotide synthesis are known, the de novo pathway 

and the salvage pathway. These pathways are not correlated and are independent of each other 

mainly in terms of their mechanisms and regulation. While the de novo pathway synthesizes 

nucleotides using metabolites as amino acids and glucose derivatives as precursors, the salvage 

pathway recovers intermediates (nucleosides) from the degradation of nucleic acids, using them 

as precursors for nucleotide synthesis [9]. Due to the high proliferative potential of tumor cells, 

nucleotide metabolism via the de novo pathway is hyperregulated, but unlike non-malignant 

cells, the tumor can switch to the salvage pathway to maintain replication efficiency in case of 

bioenergetic need [8–10]. 

Due to the importance of these pathways for tumor growth, some enzymes from these 

pathways have been chosen as pharmacological targets for drugs with antitumor potential. 

Genes that code for enzymes of the de novo nucleotide pathways such as Phosphoribosyl 
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Pyrophosphate Synthetase 1 (PRPS1), Thymidylate Synthetase (TYMS), the 

Methylenetetrahydrofolate dehydrogenase/cyclohydrolase/synthase (MTHFD1), 

Dihydroorotate Dehydrogenase (DHODH), and the salvage pathway such as Hypoxanthine 

Phosphoribosyltransferase 1 (HPRT1) have been described as hyper-regulated in cancer, being 

associated with an increase in the proliferative, migratory, and chemoresistance profile in 

different types of neoplasms [11–18]. Based on that, the analysis of genes related to nucleotide 

metabolism can lead to the discovery of new pharmacological targets in cancer therapy [19,20]. 

Benzimidazoles are a class of heterocyclic compounds that are formed by the fusion of 

benzene and imidazole, their first derivative was synthesized by Hobrecker in 1872 and since 

then a wide range of pharmacological activities have been associated with these compounds 

[21]. Mebendazole (MBZ) is an approved benzimidazole used in the clinic for the treatment of 

a broad spectrum of helminth infections with an effect on tubulin polymerization [22]. 

Furthermore, MBZ has proven extensive antitumor activity against lung [23], colon [24], 

medulloblastoma [25], melanoma [26], and gastric cancers [27–30], among other neoplasms 

[31]. 

Gastric cancer (GC) is among the most common neoplasms in the world, being 

considered the fifth most common type of cancer, affecting more than 1 million people (5.6% 

of cases). Considered the fourth most lethal cancer in 2020 worldwide, with around 770 deaths 

reported [32]. Our previous studies evidenced that GC lineages have highly deregulated 

metabolism, which is associated with their replicative and metastatic potential [33]. Recent data 

showed that MBZ has a role in gastric tumor metabolic modulation and that this is related to its 

highly antitumoral activity in vitro in metastatic AGP-01 cell lone [30], however, the role of 

MBZ in the nucleotide synthesis pathways has not yet been elucidated. 

Therefore, this study aims to analyze the potential of MBZ as a modulator of genes in 

the purine and pyrimidine pathways, as well as to evaluate whether this modulation is 

associated with a decrease in the proliferative profile of the metastatic gastric adenocarcinoma 

cell line (AGP-01) and with its selective pharmacological profile. Thus, proposing to bring new 

evidence of MBZ as a tumoral metabolic regulator and its relationship with its antitumoral 

activity, shedding light on new pharmacological targets for the therapy of GC. 
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2 METHODS 

 

2.1 Chemicals 

Mebendazole (MBZ) (Medley®, 500 mg) was dissolved in dimethyl sulfoxide 

(DMSO) to a final concentration of 1 mM. MBZ and 5-Fluorouracil (5-FU) (Libbs®, 10 mL) 

were stored at -20 °C until use. 5-FU is chemotherapy widely used in cancer and GC treatment, 

Its mechanism of action relies primarily on the inhibition of Thymidylate Synthase enzyme or 

misincorporating its biosynthetic metabolite into RNA and DNA, leading to inhibition of 

nucleotide synthetic pathways and cell death [34]. Therefore, this compound was chosen as the 

positive control for the inhibition of nucleotide synthesis during further in vitro experiments. 

 

2.2 Cell culture and conditions 

The metastatic gastric adenocarcinoma cell line AGP-01 [35], the non-tumoral non-

tumoral gastric cell line MNP-01 [36], and the non-tumoral cell line derived from lung 

fibroblast MRC-5 [37] were used in this study. For the metabolic studies, cell lines were 

cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco ®) with Low Glucose 

(LG, 5.5 mM) [33]. For use media, were added 10% (v/v) fetal bovine serum (Gibco®), 1% 

(v/v) penicillin (100 U mL-1), and streptomycin (100 mg mL-1) (Invitrogen®), and cell lines 

were maintained in a 5% CO2 air-humidified atmosphere at 37 °C. 

 

2.3 Cytotoxic and Seletive Index (SI) analysis by Alamar Blue assay 

For cytotoxic evaluation, the Alamar Blue assay was used to define the half-maximal 

inhibitory concentration (IC50) of MBZ [38]. AGP-01 and MNP-01 cells were seeded in a 96-

well plate with 3x103 cells per well. After attachment, cells were treated in a concentration-

response curve (20 µM – 0.3125 µM) of MBZ and 5-FU for 72 hours. Then, the Alamar Blue 

solution (0.2 mg mL-1) (Merck®) was added to each well for 3 hours, and the fluorescence 

intensity (Ex/Em: 530/590 nm) was measured in a microplate reader (Beckman Coulter 

Microplate Reader DTX 880) and IC50 calculated. 

The Selective Index (SI) of each compound was calculated based on the average 

between the drug’s IC50 in the non-tumoral cell lines and the IC50 in the tumoral strain AGP-01 

[39], as shown in equation 1. 

 

                                 𝐼𝑆 =  
𝐼𝐶50 𝑁𝑜𝑛−𝑡𝑢𝑚𝑜𝑟𝑎𝑙 𝑐𝑒𝑙𝑙 𝑙𝑖𝑛𝑒

𝐼𝐶50  𝑇𝑢𝑚𝑜𝑟𝑎𝑙 𝑐𝑒𝑙𝑙 𝑙𝑖𝑛𝑒
     (1) 
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2.4 Gene expression analysis of potential targets in online databases 

Next, we sought to investigate the expression profile of genes related to nucleotide 

metabolism pathway as promising targets in GC therapy in clinical samples and study its 

correlation with disease outcome through global gene expression analysis in free access 

databases to transcriptome data from The Cancer Genome Atlas (TCGA), Gene Expression 

Omnibus (GEO), European Genome-phenome Archive (EGA), and Genotype-Tissue 

Expression (GTEx). Expression patterns in tumor samples and the correlation of gene 

expression with the survival rate of PRPS1, DHODH, TYMS, MTHFD1, and HPRT1 genes 

were assessed by GEPIA (http://gepia. cancer-pku.cn/) and Kaplan Meier plotter 

(https://kmplot.com/ analysis/) softwares, respectively [40,41]. 

 

2.5 Total RNA extraction and transcript analysis by qRT-PCR 

To better comprehend the influence of metabolic targets of the nucleotide synthesis 

pathway PRPS1, HPRT1, TYMS, MTHFD1, and DHODH in gastric carcinogenesis and their 

modulation by MBZ, quantitative real-time PCR (qRT-PCR) was performed. Thus, gastric cell 

lines AGP-01 and MNP-01 were plated in a 6 plate at the concentration of 7 x 104 cells per 

well. After attachment, cells were treated with MBZ (0.1 µM) or 5-FU (1 µM) for 24 hours. 

Then, the total RNA was extracted using TRIzol® Reagent (Life Technologies®, USA). The 

RNA concentration and quality were determined using NanoDrop (Thermo Scientific), the 

reverse transcription was performed using a High-Capacity cDNA kit, and all assays followed 

the manufacturer’s protocol (Life Technologies, USA). 

The qRT-PCR was executed by the Fast SyberGreen kit (Applied Biosystems, USA). 

The Relative mRNA expression levels of PRPS1 (NM_002764.4), HPRT1 (NM_000194.3), 

TYMS (NM_001071.4), MTHFD1 (NM_005956.4), and DHODH (NM_001361.5) were 

normalized and determined using RPLP0 (NM_001002.4) gene as a normalizer control. Primer 

efficiency > 95% was determined for all genes described. 

All requirements proposed in Minimum Information for Publication of Quantitative 

Real-Time PCR Experiments - MIQE Guidelines were followed [42]. The expression level was 

calculated using the 2-ΔΔCT method [43]. 

 

2.6 Cell cycle analysis  

The nucleotide metabolism supports RNA synthesis and DNA replication, directly 

influencing cell growth and division [44], previous studies showed morphologic and apoptosis-

inducing over time with MBZ’s treatment with MBZ [30]. Thus, we sought to investigate the 
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role of MBZ in the AGP-01 cell cycle at different times and evaluate the relationship of this 

event with the inhibition of nucleotide pathways. AGP-01 cells were seeded in (7x104 

cells/well) in a 24-well plate and, after 24 hours, for cell attachment, treated with MBZ (0.1 

µM) or 5-FU (1 µM) for 24, 48 and 72 hours. Following, cells were fixed in 80% ethanol 

solution at 4 ºC overnight, then centrifugated, and the pellet was resuspended in a solution with 

propidium iodide (50 µg mL-1) for 30 minutes at 37 ºC. Cells were resuspended in PBS 1X, 

and DNA content was evaluated using flow cytometry (BD FACSVerse™). Ten thousand 

events were analyzed using FlowJo® software [36]. 

 

2.7 Clonogenic assay 

To visualize the effect of MBZ treatment over time in AGP-01 cell proliferation, the 

clonogenic assay was performed [33,45,46]. AGP-01 cells (1x102 cells/well) cells were 

cultured in a 6-well plate and after 24 hours were treated with MBZ (0.1 µM) or 5-FU (1 µM) 

for 24, 48, and 72 hours. Then, cells were washed with PBS 1x and fixed in a solution with 

methanol, acetic acid, and water (1:1:8) for 30 minutes. Finally, colonies were stained with 

crystal violet (0.2%) for 30 minutes and photographed, the number of colonies was measured 

by the ImageJ software using the ColonyArea tool [47].  

 

2.8 Statistical analyses 

At least three independent experiments were performed in triplicate. Data are shown 

as mean ± standard deviation (SD). Normality distribution analysis was performed by the 

Kolmogorov- Smirnov test. The groups were compared by Student t‐test or Analysis of 

Variance (ANOVA) followed by Bonferroni’s post-test. Significant differences were 

considered with a confidence interval of 95% (p<0.05). GraphPad Prism 5.01 software was 

used for data analysis and graph design. 

 

3 RESULTS 

 

3.1 MBZ evidenced cytotoxic and selective effects in the AGP-01 GC cell  

Firstly, we evaluated the cytotoxic potential of MBZ against GC cell line AGP-01 and 

compared its selectivity by using two non-tumoral cell lines, MNP-01 and MRC-5 after 72 

hours of treatment. As shown in Figure 1, MBZ evidenced IC50 values of 0.147, 1.372, and 

1.956 µM, in the AGP-01, MNP-01, and MRC5 respectively (Fig. 1A, 1B, and 1C). 
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Furthermore, the chemotherapy drug 5-FU also showed highly cytotoxic against AGP-01, with 

an IC50 of 0.554 µM against tumoral cell line AGP-01, however, 5-FU indicated to reduce the 

number of viable cells in low concentrations in non-tumoral cell lines MNP-01 and MRC-50, 

with IC50 values of 0.492 and 0.292 µM. 

The selective index (SI) was calculated through the ratio between the IC50 of MBZ or 

5-FU in the tumoral cell line AGP-01 and the IC50 in non-tumoral cell lines. Results evidenced 

that MBZ’s SIs are 9.33 and 13.31 when compared to IC50 with MNP-01 and MRC-5, 

respectively (Fig. 1D). MBZ showed to be highly selective and that it needs a concentration 

around ten-fold higher to trigger any cytotoxic damage to non-tumor cells when compared to its 

activity in tumoral cell line. For the 5-FU drug, the SIs were below 1, evidencing that the drug 

is more cytotoxic to non-tumoral cell lines than to its tumoral target. 

Figure 1. MBZ shows cytotoxic and selective effects on GC cell lines. Cells were treated in a concentration-

response curve of MBZ or 5-FU in A) AGP-01, B) MNP-01, and C) MRC-5 cell lines for 72 hours, then Alamar 

Blue was added, and the half-maximal inhibitory concentration (IC50) was estimated. D) The selective index was 

calculated based on the average between the drug’s IC50 in the non-tumoral cell lines and the IC50 in the tumoral 

strain AGP-01. The IC50 values (μM) and confidence interval of 95% were obtained from three independent 

experiments. 5-FU: 5-fluorouracil. IC50: Half-maximal inhibitory concentration. MBZ: Mebendazole.  
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3.2  Nucleotide metabolism pathway enzymes are targets of clinical interest for 

GC therapy 

Then, we sought to investigate the expression of targets related to nucleotide 

metabolism to better understand their therapeutic potential in GC clinics. For that purpose, 

online databases that include expression data of clinical samples from TCGA, GTEx, GEO, and 

others were used. The analysis in the web server GEPIA showed that PRPS1, TYMS, MTHFD1, 

and HPRT1 genes are significantly overexpressed in tumoral samples (N= 408) when compared 

to normal tissue (N= 211) (Fig. 2A). Furthermore, the Kaplan-Meier Plotter analysis in GC 

samples (N= 592) evidenced that the high expression of TYMS, MTHFD1, and HRPT1 are 

correlated with reducing in the overall survival (OS) rate, indicating a worse prognosis in 

patients with GC (Fig. 2B). Therefore, the molecular targets analyzed have a substantial 

relevance in GC pathogenesis, showing that their pharmacological inhibition could improve the 

prognosis of the patients with GC. 

Figure 2. Transcripts that codify for enzymes of the nucleotide metabolism pathway have a clinical interest 

in the pharmacological therapy for GC. The gene expression of targets related to nucleotide metabolism PRPS1, 

TYMS, MTHFD1, DHODH, and HPRT1 was analyzed by online gene expression databases. A) The GEPIA 

dataset shows the hyperexpression of genes in CG samples (red boxplot). B) Kaplan–Meier Plotter analysis 

evidenced reduced OS rate in patients with high gene expression of transcripts related to nucleotide metabolism 

pathway. Data are presented as boxplots, and statistical analysis was performed with ANOVA. Significant 

differences: *p < 0.05. HR: Hazard Ratio. 
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3.3 MBZ reduces gene expression of targets with clinical interest in the 

nucleotide metabolism 

Next, we attempted to visualize the mRNA expression of PRPS1, TYMS, MTHFD1, 

DHODH, and HPRT1 in the gastric cell lines used in this study. Then, the potential of MBZ in 

the modulation of the transcript levels of these genes in vitro was investigated after 24 hours of 

cell exposure. 

As seen in Figure 3, the transcripts levels of TYMS (p < 0.0001), MTHFD1 (p < 

0.001), and DHODH (p < 0.0001) are overexpressed about two-fold and HPRT1 (p < 0.0001) 

around eight-fold in AGP-01 when compared to non-tumoral gastric cell line MNP-01. 

Furthermore, MBZ reduces the mRNA levels of all targets evaluated significantly (p < 0.0001), 

at similar levels to those of the nucleotide synthesis inhibitor used in the clinic 5-FU. 

Figure 3. MBZ reduces gene expression of overexpressed targets of nucleotide metabolism in the AGP-01 

tumoral cell line. Total mRNA was extracted and the transcript levels of metabolic targets were compared 

between the A) non-tumoral cell line MNP-01 and GC cell line AGP-01. B) The effect in the transcript levels of 

B) PRPS1, C) TYMS, D) MTHFD1, E) DHODH, and F) HPRT1 were also evaluated after 24 hours of AGP-01 cell 

exposure to MBZ. Gene expression was normalized by housekeeping gene RPLP0, and the MNP-01 (for A) or NC 

(for B-C) group was used as a calibrator of the experiment. Data are presented as the mean ± SD of three 

independent experiments, and statistical analysis was performed with the Student t‐test (for A) and ANOVA 

followed by Bonferroni's post-test (for B-F). Significant differences: *p < 0.001, **p < 0.0001. 5-FU: 5-

fluorouracil. MBZ: Mebendazole. NC: Negative control. NS: Not Significant. 
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3.4 Treatment with MBZ over time leads to cell cycle arrest, increase in cell 

fragmentation, and reduces proliferation of AGP-01 cell line 

The nucleotide metabolism pathway is highly related to cell growth and the 

hyperproliferative profile of cancer cell lines [8]. So far, results have shown the potential of 

MBZ in inhibiting the mRNA expression of genes related to nucleotide metabolism pathways 

after 24 hours of exposure, as well as, interacting with their coding enzymes and possibly 

modifying its structure and function. Last, we attempted to investigate the influence of MBZ 

treatment on the proliferative profile of AGP-01 for 24, 48, and 72 hours of treatment. Cell 

cycle analysis (Fig. 4A) evidenced that in the first 24 hours of treatment, MBZ did not alter cell 

cycle progression when compared to non-treated cells. Otherwise, MBZ leads to cell cycle 

arrest to the G0/G1 phase after 48 and 72 hours of treatment. Furthermore, was observed 

increasing levels of cells in Sub-G1 (characterized as cells with DNA fragmentation), after the 

same time of exposure. 

Interestingly, the clonogenic assay revealed that MBZ leads to suppression in the 

colony formation, characterized by the reduction in the colony area, after 48 and 72 hours (p < 

0.001) of cell treatment as well, as shown in Figure 4B. Altogether, the results showed that 

MBZ acts by reducing the mRNA expression of targets in the nucleotide metabolism pathway 

in the first 24 hours of treatment, and after 48 hours is possible to visualize its effects in the cell 

cycle progression and the proliferative profile of AGP-01 cell line.  
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Figure 4. MBZ triggers cell cycle arrest with cellular fragmentation and suppresses the proliferation of the AGP-01 

cell line over time. The GC cell line cell line AGP-01 was treated with MBZ (0.1 µM) or 5-FU (1 µM) for 24, 48, and 72 

h. A) The average percentage of the number of cells (%) in the Sub-G1, G0/G1, S, and G2/M phases was calculated using 

FlowJo® software. B) Pictures of cell colonies exposed to MBZ or 5-FU at different times, and then reincubated for colony 

formation assessment. C) The ImageJ software was used to calculate the colony area, and non-treated cells (NC) were set 

as 100%. Data are presented as the mean ± SD of three independent experiments. Statistical analysis was performed with 

2way ANOVA followed by Bonferroni's posttest. Significant differences: *p < 0.05, ***p <0.001. 5-FU: 5-fluorouracil. 

MBZ: Mebendazole. NC: Negative control.  

 

 

4 DISCUSSION 

 

The study of molecular pathways that have a direct relationship with tumor growth 

and proliferation is essential in the oncology area, providing a source of new pharmacological 

targets that enable the development and validation of new drugs with antitumor potential [7]. 

Metabolic reprogramming has resurged as an emerging hallmark of cancer, once tumor cells 

need to reprogram their metabolism to maintain their unlimited replicative potential [48,49]. 

Among the metabolic pathways that are deregulated in cancer, the nucleotide metabolism 
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pathway is highlighted once it is closely linked to the synthesis of biosynthetic intermediates 

for RNA and DNA production, being greatly important for the cellular replicative process [50]. 

Chemotherapy drugs from the antimetabolite class are widely disseminated in the 

clinic and their activity is based on the inhibition of the precursors in the nucleotide syntheses. 

Drugs such as 5-FU, methotrexate, capacitabine, and cytarabine are largely used in the therapy 

of various types of cancer and are chosen as first-line drugs in the management of solid and 

hematological tumors [51–55]. However, this class of drugs still presents high toxicity and is 

likely to lead to the acquisition of intrinsic resistance during the time of treatment leading to 

therapeutic failure and cancer recurrence [52,56]. 

Therefore, the drug MBZ is an anthelmintic with proven antitumor potential against 

several types of cancer, including GC [27–29]. Our previous studies have shown that MBZ can 

inhibit the glycolytic pathway flow in the GC cell line and that the modulation in the tumor 

metabolism is related to MBZ cytotoxic activity and apoptosis triggering in the AGP-01 lineage 

[30]. Therefore, in this study, we seek to analyze the role of MBZ in modulating the nucleotide 

metabolism pathways and how this can contribute to its antiproliferative effect in the GC 

metastatic cell line AGP-01. 

Our initial results demonstrated that MBZ has a cytotoxic effect on the AGP-01 

lineage, with great selectivity being necessary to use around ten-fold its concentration to cause 

any type of cytotoxic damage in the non-tumoral cell lines evaluated. Furthermore, the 

expression profile of possible therapeutic targets in the nucleotide metabolism PRPS1, TYMS, 

MTHD1, DHODH, and HPRT1 was screened showing its high expression in GC  patients 

samples as well as in the GC in vitro cell line model AGP-01, the high expression of TYMS, 

MTHFD1, and HPRT1 targets was also correlated with reduction of overall survival in patients 

with GC through in silico analysis, being good targets for therapy for this condition. MBZ 

evidenced to reduce the expression of the nucleotide metabolism targets after 24 hours of 

treatment, in addition, MBZ increased cell fragmentation, led to cell cycle arrest in G0/G1, and 

reduced the proliferative profile of the metastatic GC cell AGP-01 after 48 hours of treatment.  

The cytotoxic potential of MBZ has already been described in other cancer models, 

with IC50 ranging from 0.07 µM – 4.3 µM, being the lowest results found in leukemic cell lines 

[57–59]. Our previous studies have shown that MBZ presents a higher cytotoxic in GC cell 

lines when they are cultivated at low glucose concentration (5,5 mM of glucose), this condition 

is more similar to normal glucose conditions in the human body, being validated as the ideal 

cell culture conditions [30,33]. Metabolic targets are upregulated in low glucose medium, 
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which could be correlated to the higher cytotoxic potential of MBZ in this condition, showing 

the potential of MBZ in modulating metabolic targets in GC [30]. 

It is worth highlighting that both MBZ and the 5-FU presented highly cytotoxic effects 

in the tumoral cell line AGP-01 (Fig. 1), however, MBZ was shown to be meaningful selective 

to the tumoral cell line, once it is necessary around ten times the current cytotoxic 

concentration of MBZ in the AGP-01 (0.147 μM) to cause any damage in the non-tumoral cell 

lines (1.372 μM for MNP-01 and 1.956 μM for MRC-5). In contrast, the chemotherapic drug 5-

FU displayed a cytotoxic effect in lower concentrations to non-tumoral cell lines MNP-01 

(0.492 μM) and MRC-5 (0.292 μM) as well, revealing to be extremely toxic to the non-tumoral 

models in this study. 

5-FU is used as the main backbone chemotherapy agent for therapeutics of several 

types of cancer, such as colorectal (CRC) and advanced GC. 5-FU is metabolically transformed 

in tissues to its active form, 5-fluoro-deoxyuridine-monophosphate, and then acts as an 

inhibitor of the Thymidylate Synthase enzyme, modulating the nucleotide synthesis metabolism 

and jeopardizing DNA and RNA formation and tumor development [34]. Despite its known 

antitumoral activity, the use of 5-FU in clinics has faced certain challenges, its high toxicity has 

been proven to trigger gastrointestinal side effects such as mucositis, diarrhea, and stomatitis 

[60]. Myelosuppression is another of the most prevalent side effects caused by 5-FU in 

oncological patients, enhancing the risk of anemia, neutropenia, and thrombocytopenia 

development [61]. The aforementioned side effects, along with the limited efficacy and the 

acquired resistance to 5-FU can result in a reduced therapeutic index, cancer progression, and 

mortality [60,62]. 

The dysregulation in the tumoral metabolism has been extensively studied as a 

promising therapeutic target in cancer, the nucleotide metabolism pathways have significance 

since are essential to DNA and RNA formation used to sustain the tumoral proliferation and are 

a target of antitumoral compounds already used in the clinics  [50]. The de novo and the 

salvage pathways comprehend a series of enzymatic reactions that conduct nucleotide 

formation, genes such as PRPS1, TYMS, MTFHD1, DHODH, and HPRT1 encode for essential 

enzymes in both processes and were screened as potential targets in this study [8–10]. 

The enzyme Phosphoribosyl Pyrophosphate Synthetase 1, encoded by the PRPS1 

gene, is the first enzyme described in the de novo pathway of purine synthesis, it is responsible 

for the conversion of ribose 5-phosphate to phosphoribosyl pyrophosphate (PRPP). Studies 

have described the increased regulation of this enzyme along with the enchantment malignant 

profile of melanoma and colon cancer cells in vitro and in vivo [15,63], in addition, studies 
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emphasize that the increase in the expression of this enzyme is related to the acquisition of 

chemoresistance in breast cancer and in Acute Lymphoblastic Leukemia (ALL) to Cisplatin 

and 5-FU drugs [64,65]. 

Therefore, the enzyme Thymidylate Synthetase (TYMS) catalyzes the conversion of 

deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP), supporting 

DNA synthesis. It is one of the targets of the 5-FU drug in chemotherapy, has high expression 

in solid tumors being related to an increase in the invasive profile, and is considered a 

biomarker of poor clinical prognosis in the clinic [66–70]. 

The MTHFD1 gene codifies for a trifunctional enzyme, whith acitivy of 

dehydrogenase, cyclohydrolase and synthetase in the folic acid metabolic pathway, playing a 

key role in the nucleotide synthesis and indirect-acting in the methylation reaction thought the 

produce of 5,10-methyltetrahydrofolate, which provides single carbon units for methylation 

reactions [71]. The underexpression of MTHFD1 was documented in renal carcinoma samples, 

and when overexpressed it showed a suppressive effect in the proliferation of the in vitro renal 

cancer model Caki-1, as well as triggering cell death [71]. Wang et al., [17] showed that there 

is no correlation between the expression of MTHFD1 and a worse prognosis in oral squamous 

cell carcinoma. Otherwise, in concordance with our study, the high expression of MTHFD1 

seems to predict a poor prognosis in hepatocellular carcinoma [18], as well as the 

pharmacologic inhibition of MTHFD1 leads to a reduction in cell viability in colon cancer cell 

lines, as well as, in the 3D tumor growth model due to the inhibition of de novo purine 

synthesis pathway [72]. 

Another enzyme of the de novo nucleotide synthesis pathway is Dihydroorotate 

Dehydrogenase (DHODH), this is a flavoenzyme that catalyzes the oxidation of dihydroorotate 

to orotate in the fourth step of de novo biosynthesis of pyrimidine nucleotides, this protein has 

demonstrated huge potential as a pharmacological target for several diseases, such against 

parasitic infections, in autoimmune diseases and cancer [73,74]. The overexpression of this 

enzyme has been widely investigated in different types of cancer and appears to play a role in 

increasing Reactive Oxygen Species (ROS) levels, favoring tumorigenesis [75,76]. Studies 

have evidence that oxidative stress contributes significantly to the development of GC, being a 

potential therapeutic target [77], our results evidenced that DHODH is overexpressed in AGP-

01 GC cell lines and has its expression reduced by MBZ drug. Otherwise, there is no significant 

enhancement in the transcript levels in GC clinical models, and DHODH high expression does 

not seem to be correlated to a significant reduction in OS either. 
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The Hypoxanthine Phosphoribosyltransferase 1 (HPRT1) enzyme acts in the salvage 

pathway of nucleotide synthesis. It is a transferase classe enzyme, catalyzing the conversion of 

hypoxanthine to inosine monophosphate and guanine to guanosine monophosphate, this 

reaction transfers the 5-phosphoribosyl group from 5-phosphoribosyl 1-pyrophosphate (PRPP) 

to purine, works have related its increased expression in all tumor types dated in the TCGA 

[78,79]. Its enhancement in mRNA levels is associated with boosted proliferative and 

replicative potential in ALL and Burkitt's lymphoma and with the acquisition of 

pharmacological resistance in head and neck cancer as well as in oral squamous cell carcinoma 

[14,80,81]. 

As shown, these enzymes are usually overexpressed in different types of cancer, 

however, despite being promising targets, few studies have related the role of enzymes in the 

nucleotide synthesis pathway in GC [3,50]. Our results demonstrated that the PRPS1, TYMS, 

MTHFD1, and HPRT1 genes have increased expression in clinical samples from patients with 

GC, when compared to normal samples, and that, when the TYMS, MTHFD1, and HPRT1 

genes are in high expression are related to a decrease in the overall survival of patients with 

GC. Data evidenced that the drug MBZ reduced significantly the mRNA levels of all genes 

evaluated in the AGP-01 cell line which showed hyperexpression of the gene targets. The effect 

of MBZ in the transcript modulation of the targets of the nucleotide metabolism pathways was 

similar to the one caused by the 5-FU drug.  

Regulation of the cell cycle is an important event for the maintenance of tissue 

homeostasis and replicative control. Tumor cells tend to acquire mechanisms that bypass cell 

cycle checking and arrest events, leading to an unlimited replicative potential. This 

deregulation is linked to the reprogramming of tumor metabolism [82]. During the G1 phase, 

the cell prepares to replicate its genetic material and synthesize mRNA and proteins necessary 

for DNA synthesis to occur [83]. Arrest in G0/G1 may indicate metabolic stress and lack of 

energy demand since cells can only continue in the cell cycle if they have the necessary 

nutrients to produce energy and replicate their genetic material [33,84]. MBZ demonstrated the 

same cell cycle arrest profile as the drug 5-FU in the AGP-01 line after 48 hours of treatment, 

however after 72 hours the drug 5-FU has an increase in cells in S, while MBZ continues with 

more cells in G0/G1. The arrest in the S phase may indicate the incorporation of the drug into 

the DNA, adequately preventing its duplication to proceed to the G2/M phase. This mechanism 

of entrainment in S is common for DNA intercalators, as is the case of metabolites of 5-FU [85] 

It is important to highlight that Sub-G1 cells can indicate a degree of cellular 

fragmentation (DNA content < 1N), which may be related to the activation of the apoptotic 
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pathway [86]. The drug MBZ only led to an increase in cells in Sub-G1 after 48 hours of 

treatment, this data corroborates our previous work where it was only possible to observe an 

increase in cells with an apoptotic profile (morphological change, activation of caspases 3/7 

and increase in cell membrane fragmentation) after 48 hours of treatment with the drug [30]. 

Taken together, the data presented so far demonstrate that MBZ has a role in modulating genes 

in the nucleotide synthesis pathway, which may be targets of pharmacological interest for GC 

clinics. 

 

5 CONCLUSION 

 

Thus, the results demonstrate that the drug MBZ has a cytotoxic and selective effect 

on the AGP-01 gastric lineage. The AGP-01 lineage presents an increase in the expression of 

genes in the nucleotide synthesis pathway, which is associated with its malignant tumor and 

replicative potential. The effect of MBZ on the reduction in the expression of genes in the 

nucleotide synthesis pathways is related to its antiproliferative capacity in the AGP-01 lineage. 

The data show that targets in nucleotide metabolism may be of clinical interest since they are 

hyperexpressed in patients with GC and its high expression is linked to reduced life expectancy 

in these patients. 
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ABSTRACT 

 

Gastric cancer (GC) is a common cancer worldwide. Therefore, searching for effective 

treatments is essential, and drug repositioning can be a promising strategy to find new potential 

drugs for GC therapy. For the first time, we sought to identify molecular alterations and 

validate new mechanisms related to Mebendazole (MBZ) treatment in GC cells through 

transcriptome analysis using microarray technology. Data revealed 1,066 differentially 

expressed genes (DEGs), of which 345 (2.41%) genes were upregulated, 721 (5.04%) genes 

were downregulated, and 13,231 (92.54%) genes remained unaltered after MBZ exposure. The 

overexpressed genes identified were CCL2, IL1A, and CDKN1A. In contrast, the H3C7, 

H3C11, and H1-5 were the top 3 underexpressed genes. Gene set enrichment analysis (GSEA) 

identified 8 pathways significantly overexpressed in the treated group (p<0.05 and FDR<0.25). 

The validation of the expression of top desregulated genes by RT-qPCR confirmed the 

transcriptome results, where MBZ increased the CCL2, IL1A, and CDKN1A and reduced the 

H3C7, H3C11, and H1-5 transcript levels. Expression analysis in samples from TCGA 

databases correlated that the lower ILI1A and higher H3C11 and H1-5 gene expression are 

associated with decreased overall survival rates in patients with GC, indicating that MBZ 

treatment can improve the prognosis of patients. Thus, the data demonstrated that the drug 

MBZ alters the transcriptome of the AGP-01 lineage, mainly modulating the expression of 

histone proteins and inflammatory cytokines, indicating a possible epigenetic and 

immunological effect on tumor cells, these findings highlight new mechanisms of action related 

to MBZ treatment. Additional studies are still needed to better clarify the epigenetic and 

immune mechanism of MBZ in the therapy of GC.  

 

Keywords: Gastric cancer, Transcriptome, Mebendazole, Biomarkers.  
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1 INTRODUCTION 

 

Gastric cancer (GC) is the fifth most common type of cancer, excluding non-

melanoma skin cancer. It affects over 1 million people (5.6% of cases) worldwide. Considered 

the fourth most lethal cancer in the world, it is a serious global health problem, with around 

768,000 deaths reported in 2020 [1]. Due to the complexity of GC diagnosis, the standard 

treatment procedure is primarily surgical excision of the tumor, and the technique used varies 

according to its characteristics [2]. Complete tumor removal and lymph node dissection are 

seen as essential for curing GC. Studies showed that the addition of the combination of 

chemotherapy drugs epirubicin, cisplatin, and infused fluorouracil or docetaxel, oxaliplatin, and 

fluorouracil/leucovorin to surgery enhanced the 5-year overall survival rate when compared to 

the surgery procedure alone [3,4]. Despite the advances in GC treatment, the development of 

drug resistance limits the efficacy of actual chemotherapy, leading to chemotherapy failure, 

tumoral progression, and/or high recurrence rates (14 - 60% of patients), which is frequently 

diagnosed in the first 2 years after resection in distant sites, and is one of the main factors 

associated with death in patients with GC [5–7].  

Drug repositioning is a pharmaceutical strategy for discovering new therapeutic 

applications for a drug already approved for treating another disease [8]. The repositioning 

decreases the estimated time for approval by around 6 years, as initial studies have already been 

carried out, with development costs of around 300 million dollars [9]. Furthermore, 

repurposing studies can reveal new pharmacological mechanisms and molecular targets, 

enriching the discovery process [8,10]. 

Our group has demonstrated the anticancer activity of Mebendazole (MBZ), an 

antihelmintic clinically approved, in the GC cell lines. The anticancer effect of MBZ in GC cell 

line models has been extensively investigated, shedding light on its potential as a therapeutic 

agent in GC treatment. Results showed that MBZ can inhibit drug transporters' migration, 

invasion, and expression and reduce MYC expression and activity. These effects were linked to 

genotoxicity and apoptosis induction [11–13]. Tumor metabolism and the glycolytic pathway 

activity also changed in GC cell line AGP-01 after treatment with MBZ. The metabolic 

modulation was associated with the early effect of MBZ in the GC cell line and related to 

further cell death  [14]. 

Based on that, this study aimed to analyze in-depth the effect of MBZ through 

transcriptome, the molecular signature of gastric adenocarcinoma cells after treatment with the 

drug MBZ, seeking to discover new mechanisms related to MBZ treatment and investigate 
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potential molecular targets for the treatment of patients with GC. This research could contribute 

to significant advances in the field of oncology and the search for more effective and 

personalized therapies for patients affected by this neoplasm. 

 

2 METHODS 

 

2.1 Chemicals  

Mebendazole (MBZ) (Medley®, 500 mg) was dissolved in dimethyl sulfoxide 

(DMSO) to a final concentration of 1 mM and stored at -20 °C until use.  

 

2.2 Cell Culture and Conditions 

The gastric adenocarcinoma cell line AGP-01 was established from malignant ascitic 

fluid [15]. The cell line was maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; 

Gibco ®). Media were supplemented with 10% (v/v) fetal bovine serum (Gibco®), 1% (v/v) 

penicillin (100 U mL-1), and streptomycin (100 mg mL-1) (Invitrogen®), and cells were 

maintained in a 5% CO2 air-humidified atmosphere at 37 °C. In all in vitro experiments, cells 

were treated with MBZ at 1 μM for 14 hours; previous results show that it is a non-cytotoxic 

time [11]. 

 

2.3 RNA extraction 

 AGP-01 was seeded into a 6-well plate (1x106 cells/well) and then treated with MBZ 

(1 μM) for 14 hours. After that, the total mRNA extraction was performed by the AllPrep 

DNA/RNA/Protein Kit (Qiagen, Germany). RNA concentration and quality assessment were 

determined using a NanoDrop spectrophotometer (Kisker, Germany) and 1% agarose gels, 

respectively. Subsequently, the samples were stored at −80 °C until further use [16]. 

 

2.4 Microarray assay 

The gene expression assay using microarray was conducted employing a one-color 

microarrays-based gene expression analysis kit (Agilent Technologies, USA), following the 

provided manufacturer's guidelines. Briefly, total RNA extracted from AGP-01 and AGP-01 

cells treated with MBZ (1 µM for 14 hours) served as templates for cDNA synthesis with T7 

RNA polymerase. The cDNA synthesis involved T7 RNA Polymerase Blend (red cap), which 

simultaneously amplified target material and incorporated Cyanine 3-CTP through a Low Input 
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Quick Amp Labeling kit (Agilent Technologies), adhering to the manufacturer’s instructions. 

Labeled cRNA purification was carried out using an RNeasy mini-spin kit. CRNA was 

quantified using spectrophotometry (ng/mL) and analyzed based on the A260/280 parameter. 

For the hybridization step, 300 ng of Cy3 labeled cRNA, 5 mL of 10x Gene expression 

blocking agent, and 1 mL of 25x fragmentation buffer were used. Hybridization occurred for 17 

hours at 65°C and 10 rpm on a SurePrint G3 Human Gene Expression 8 _ 60K microarray chip 

(G4851A, Agilent, USA). A microarray scanner (G4900DA, Agilent) was employed with the 

following settings: scan area (61 _ 21.6 mm), 5 mm resolution, and green channel. Microarray 

scan images were obtained using Feature Extraction v10.10 [17]. 

 

2.5 Differentially expressed genes and functional enrichment analysis 

R studio with Limma package was used to evaluate differentially expressed genes 

(DEGs) [18] between the AGP-01 cell line treated with MBZ and the non-treated group 

(negative control, NC). We used an adjusted p-value <0.05 corresponding to differential 

expression tests using Log Fold Change < 2. The significantly enriched genes between MBZ 

treatment and untreated control were identified by employing the Gene Set Enrichment 

Analysis (GSEA) [19]. The H collection (hallmark gene set) available in the Molecular 

Signatures Database (MSigDB) 3.0 was chosen to perform the enrichment analysis [20]. The 

standard parameters defined by Subramanian et al. (2005) were used in this analysis [19]. One 

hundred permutations determined the GSEA analysis significance, corrected p-value <0.05, and 

False Discovery Rate (FDR) <0.25. The GraphPad Prism™ Software was also used to 

represent enrichment scores and signal-to-noise values of individual genes. Furthermore, the 

Venn diagram in InteractiVenn [21] was used to show the enriched genes among the 

significantly enriched gene sets. 

 

2.6 Validation of gene expression by RT-qPCR 

To validate the transcript expression of the top genes modulated by MBZ displayed by 

the transcriptome analyses, the AGP-01 was seeded into a 6-well plate (1x106 cells/well) and 

then treated with MBZ (1 μM) for 14 hours. The total RNA was extracted using TRIzol® 

Reagent (Life Technologies®, USA) based on the manufacturer's recommendations, and the 

RNA concentration and quality were determined using NanoDrop (Thermo Scientific). Further, 
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reverse transcription was performed using a High-Capacity cDNA kit (Life Technologies, 

USA). 

Quantitative real-time PCR (qRT-PCR) was executed by the Fast SyberGreen kit 

(Applied Biosystems, USA). The Relative expression levels of H3C7 (NM_021018.3), H3C11 

(NM_003533.3), H1-5 (NM_005322.3), CCL2 (NM_002982.4), IL1A (NM_000575.5) and 

CDKN1A (NM_000389.5) were normalized and determined using RPLP0 (NM_001002.4) as 

reference gene. Primer efficiency > 95% was determined for all genes described. 

All requirements proposed in Minimum Information for Publication of Quantitative 

Real-Time PCR Experiments - MIQE Guidelines were followed [22]. The expression level was 

calculated using the 2-ΔΔCT method [23], considering the non-treated group (Negative Control) 

as a calibrator of the experiments. 

 

2.7 Gene expression analysis of genes regulated by MBZ in online databases 

The expression of genes regulated by MBZ was also evaluated by an in silico global 

gene expression analysis in databases with free access to transcriptome data from The Cancer 

Genome Atlas (TCGA), Gene Expression Omnibus (GEO), European Genome-phenome 

Archive (EGA), and Genotype-Tissue Expression (GTEx). Expression patterns in tumor 

samples and the correlation of gene expression with the survival rate of H3C7, H3C11, H1-5, 

CCL2, IL1A, and CDKN1A genes were assessed by GEPIA (http://gepia.cancer-pku.cn/) and 

Kaplan Meier plotter (https://kmplot.com/analysis/) software, respectively [24,25]. 

 

2.8 In vitro Statistical Analyses 

All assays were performed in three independent experiments, in triplicates, and the 

results are expressed as mean ± standard deviation (SD). The Kolmogorov performed normality 

distribution analysis- Smirnov test. The NC group was compared with MBZ by t-test. 

Significant differences were considered with a confidence interval of 95% (p<0.05). GraphPad 

Prism 5.01 software was used for data analysis and graph design. 
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3 RESULTS 

 

3.1 Identification of differentially expressed genes (DEGs) 

We first analyzed the microarray transcriptome to compare the gene expression profile 

of GC cells treated with MBZ (1 µM) versus untreated cells (control). Figure 1 shows the 

volcano plot of differentially expressed genes (DEGs) in the dataset with > 2-fold change 

considering corrected p-value < 0.05, and the DEGs are shown as red dots. There were 345 

(2.41%) up-regulated genes, 721 (5.04%) down-regulated genes, and 13,231 (92.54%) not 

significantly expressed genes in the MBZ-treated group compared to the control group, shown 

as black dots (Figure 1). The top ten most up-regulated genes and the top ten most down-

regulated genes are presented in Table 1. Considering the fold change (FC), CCL2 (C-C Motif 

Chemokine Ligand 2), IL1A (Interleukin 1 alpha) and CDKN1A (Cyclin Dependent Kinase 

Inhibitor 1A) were the three most up-regulated genes; and H3C7 (H3 Clustered Histone 7), 

H3C11 (H3 Clustered Histone 11) and H1-5 (H1.5 Linker Histone) were the three most down-

regulated genes. 

Figure 1. Volcano plot shows differentially expressed genes (DEGs) in the data set comparing the MBZ 

treatment in gastric cancer cell line AGP-01. Fold change (FC) as log with base 2 is plotted against adjusted p-

value as log with base 10. The volcano plot shows the DEGs in red and the not-significantly expressed genes in 

black. 
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Table 1. Top 10 up- and down-regulated differentially expressed genes between MBZ-treated gastric cancer cells 

and untreated gastric cancer cells. The top 3 up-and down-regulated genes are highlighted. 

Differently Expressed Genes (DEGs) 

Upregulated Downregulated 

Gene 

Symbol 
ENTREZID LogFC Adj.P.Val 

Gene 

Symbol 
ENTREZID LogFC Adj.P.Val 

CCL2 6347 2.47 1.24 x 10-3  H3C7 8968 -2.69 6.72 x 10-3 

IL1A 3552 2.26 2.68 x 10-2 H3C11 8354 -2.67 6.15 x 10-3 

CDKN1A 1026 2.16 2.29 x 10-3 H1-5 3009 -2.59 1.61 x 10-3  

BTG2 7832 2.13 1.24 x 10-3 H3C2 8358 -2.48 6.27 x 10-3 

PSD2 84249 2.04 5.32 x 10-3 CDK1 983 -2.42 1.24 x 10-3  

NEURL3 93082 2.02 4.38 x 10-3 H3C12 8356 -2.21 4.00 x 10-2 

TP53INP1 94241 1.99 1.49 x 10-3 H3C6 8353 -2.18 4.26 x 10-3  

H2BC12 85236 1.98 1.49 x 10-3 CKS1B 1163 -2.18 5.90 x 10-3 

HHAT 55733 1.81 3.06 x 10-2 H4C3 8364 -2.13 4.95 x 10-3  

DQX1 165545 1.75 1.49 x 10-3 H1-3 3007 -2.08 1.49 x 10-3  

Adj.P.Val: adjusted p-value; ENTREZID: National Center for Biotechnology Information (NCBI) Gene ID; LogFC: Fold 

Change in logarithmic scale. 

 

3.2 Hallmarks pathway enrichment analysis 

The normalized dataset was used for enrichment comparing applying Gene Set 

Enrichment Analysis (GSEA). A total of 21,210 genes after collapsing features into gene 

symbols were analyzed. 10,144 (47.8%) enriched genes in the MBZ treatment group and 

11,066 (52.2%) in the control group. Our analysis found 20 hallmark gene sets up-regulated in 

the treated group (Supplementary Table 1). However, only 8 gene sets are significantly 

enriched in the MBZ treatment group at a nominal p-value < 0.05 and FDR < 0.25. The 

hallmarks are: Apical surface (NES = 1.55, p = 0.00001), MYC Target V2 (NES = 1.52, p = 

0.00001), E2F Targets (NES = 1.43, p= 0.00001), Allograft Rejection (NES = 1.40, p = 

0.00001), Xenobiotic Metabolism (NES = 1.35, p = 0.00001), WNT Beta Catenin Signaling 

(NES = 1.29, p = 0.00001), Mitotic Spindle (NES = 1.26, p = 0.00001), and the PI3K AKT 

mTOR Signaling (NES = 1.22, p = 0.00001).  

Each significant gene data set was plotted to demonstrate the ranked gene with 

enriched values positively correlated in the treatment group. It identified enriched DEGs to all 

eight-pathway datasets analyzed and represented as a Venn diagram (Figure 2A). Moreover, we 
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identified the enriched DEGs for each significantly enriched pathway for the treated group. In 

the GSEA analysis, genes were sorted by the rank list metric, which correlates with the gene 

measured by the signal-to-noise ratio and the running enrichment score (running ES) going 

down the ranked list of genes, increasing a running-sum statistic (Figure 2C). The genes 

NCOA6, PPAN, GINS1, TRAF2 (top-ranked gene in two hallmarks), MTHFD1, NKD1, and 

CYTH2 were the most correlated with the treatment group for the significant hallmarks. 

Figure 2. GSEA analysis shows enriched pathways and genes related to MBZ treatment in the AGP-01 cell 

line. The A) Venn diagram shows the enriched hallmarks pathway in each group, B) the 8 significantly enriched 

pathways, and C) the enriched gene of each pathway are shown in cells treated with MBZ. 
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3.3 Transcriptome validation shows new MBZ potential targets of clinical 

interest  

Then, the expression of the top 3 up-and down-regulated genes showed by the 

transcriptome was validated by RT-qPCR. Figure 3A shows evidence that the CCL2 (p<0.01), 

IL1A (p<0.01), and CDKN1A (p<0.05) transcript levels were significantly enhanced after MBZ 

treatment. Otherwise, H3C7 (p<0.001), H3C11 (p<0.001), and H1-5 (p<0.01) mRNA levels 

showed to be reduced after the treatment. Thus, the expression data validated the transcriptome 

analysis of the AGP-01 cell line after 14 hours of treatment with MBZ. 

Next, to verify if the genes modulated by MBZ had clinical interest, we sought to 

analyze the pattern of gene expression in the GEPIA database, which contains the gene 

expression information of gastric tumor (N=408) and normal (N=211) samples of TCGA and 

GTEx. Results did not evidence a significant difference between the tumoral and normal 

expression of the MBZ target in clinical samples (Fig. 3B). Furthermore, the online database 

Kaplan–Meier Plotter showed that the low IL1A (p<0.05) expression and that the high 

transcript levels of CDKN1A/CIP1 (p<0.01), H3C11/HIST1H3I (p<0.0001) and H1-

5/HIST1H1B (p<0.0001) were highly correlated with the reduction in the overall survival (OS) 

rate in patients with CG (N= 875), as shown in figure 3C. Altogether, data suggest that MBZ 

may reduce the expression of H3C11 and H1-5 and enhance the expression of ILI1A, which 

could lead to an increase in the OS rate of patients with GC. 
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Figure 3. Genes regulated by MBZ have a clinical interest in GC therapy. (A) After 14 hours of cell exposure to MBZ, total mRNA was extracted and the top 3 up- 

(CCL2, ILI1A, and CDKN1A) and down- (H3C7, H3C11, and H1-5) regulated genes obtained by transcriptome analyses were validated by RT-qPCR. Gene expression was 

normalized by the reference gene RPLP0, and the NC group was used as a calibrator of the experiment. (B) Global expression of genes regulated by MBZ was analyzed by 

online gene expression databases. The GEPIA dataset shows the expression of genes in CG (red boxplot) and normal (grey boxplot) samples. (C) Kaplan–Meier Plotter 

analysis evidenced the relation of the high or low expression of genes regulated by MBZ in the OS rate of patients with GC. Data are presented as the mean ± SD of three 

independent experiments, and statistical analysis was performed with the t-test. Significant differences: *p<0.05, ***p<0.0001. MBZ: Mebendazole. NC: Negative control. 

HR: Hazard Ratio. 
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4 DISCUSSION 

 

Gastric cancer (GC) is a human public health issue globally, responsible for more than 

one million new cases in 2020, and ranked as the fourth cause of death [1]. Several risk factors 

have been considered critical steps for carcinogenesis, such as Helicobacter pylori infection, 

alcohol consumption, smoking, salty food, and processed meat [26]. However, recent studies 

have proposed a molecular classification and stratification to understand the disease and find a 

better therapy strategy [27,28]. 

Studies associating genes with drugs and molecular targets (target-based drugs) are 

becoming more widespread in drug research and development [29]. The transcriptome analysis 

is one essential tool in the search, discovery, and/or validate new potential drug targets, 

providing a robust approach in the assessments of the mechanism of action of a new drug [30]. 

After that, we sought to adopt the drug repositioning strategy to validate new pharmacological 

biomarkers relevant to treating patients with GC. Although substantial results describing the 

cellular effects of MBZ in GC cell lines have been described by our group [11–14], the 

underlying molecular mechanism of the anti-cancer activities of MBZ remains elusive, and the 

transcriptome modulation by MBZ is poorly understood. Thus we south to investigate the effect 

of MBZ in the transcriptome of the GC cell line AGP-01 for the first time. Acknowledging the 

transcriptome level in the progression of MBZ-induced anti-cancer effects on the gastric cancer 

cell line can illustrate the fundamental mechanism for developing new therapeutic agents for 

GC. 

As an efficient molecular biology tool, microarray delivers extraordinary details about 

the transcriptional machinery of an organism. We screened all the transcripts of AGP-01 cells 

exposed to MBZ. Microarray analysis found 1,066 DEGs between the MBZ and control 

groups, including 345 elevated genes and 721 down-regulated genes. Based on the obtained 

DEGs, the GSEA analysis was performed to investigate the effect of MBZ on the AGP-01 

cells. 

The Gene set enrichment analysis (GSEA) analysis aims to identify sets of genes in 

the huge list of significantly over-represented probes and group them based on their function in 

a known biological pathway [31]. In this study, the GSEA showed that the Apical Surface, 

MYC Targets V2, E2F Targets, Allograft Rejection, Xenobiotic Metabolism, Wnt/β-catenin 

Signaling, Mitotic Spindle, and PI3K/AKT/mTOR hallmarks were differentially expressed 

after MBZ treatment and that the genes NCOA6, PPAN, GINS1, TRAF2, MTHFD1, NKD1, and 

CYTH2 were the most correlated with the treatment group for each significant hallmark, the 
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TRAF2 gene was strongly correlated with two different hallmarks, Allograft Rejection and 

PI3K/AKT/mTOR (Fig. 2), these targets are involved in signaling pathways related to tumor 

development, drug resistance, among others, and some of them still have an unknown role in 

gastric carcinogenesis.  

The Nuclear Receptor Coactivator 6 (NCOA6) is a multifunctional coactivator of 

several transcription factors and nuclear receptors and modulates many critical cell functions, 

including cell migration/invasion [32,33]. The cytohesin-2 (CYTH2) is a member of the 

cytohesin family, which are key regulators of cytoskeletal dynamics, cell migration, and 

cellular signaling. The enhancement in CYTH2 expression was associated with vascular 

invasion and reduction in OS rates in patients with hepatocellular carcinoma [34]. 

The GINS Complex Subunit 1 (GINS1) gene transcribes for PSF1 protein and 

participates in the DNA replication process. It is essential for initiating and elongating DNA by 

recruiting CDC45 and DNA polymerase enzymes. It also interacts directly with the 

Topoisomerase II alpha enzyme (TOP2A) assisting in the topography maintenance of DNA 

during replication [35,36]. The high expression of GINS1 was linked to enhancement in 

proliferation and migration in glioma cell lines [35] and with a poor prognosis in GC [37]. 

Otherwise, its protein inhibition reduces proliferation in lung colon tumor models [38,39]. 

In agreement with the data, studies have shown that MBZ can reduce the expression of 

mesenchymal proteins and tumoral migration and invasion in different types of cancer 

[11,40,41]. Similarly, the cytotoxic effect of MBZ was shown to be related to the induction of 

DNA damage and mitotic arrest by depolymerizing tubulin and thus disrupting the functions of 

microtubules in lung, gastric, and brain cancer models with similar effects as anti-tubulin 

agents vincristine and paclitaxel [11,13,42,43].  

Based on the recent advances in genome analysis, important signaling pathways and 

related biomarkers with clinical importance for GC have been identified [44]. The 

PI3K/AKT/mTOR signaling pathway is highly dysregulated in GC. Studies have shown that 

this pathway can lead to tumor progression by inhibiting apoptosis inducing drug resistance, 

metastasis, and angiogenesis [45]. 

Our analysis showed that the TRAF2 (Tumor necrosis factor receptor-associated factor 

2) gene was the most well-categorized into the PI3K/AKT/mTOR and Allograft Rejection 

signaling pathways after MBZ treatment. TRAF2 is one member of the Tumor necrosis factor 

(TNF) superfamily and is mainly known for its role in the regulation and homeostasis of 

immune cells. Studies evidenced that this gene transcript for a dual-function protein, being a 

signal hub and acting as a ubiquitin E3 ligase that can mediate the TNFα-NFκB signal pathway 
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and regulate mTORC1/2 activity [46,47]. TRAF2 is hyperregulated in GC and is associated 

with cell growth, migration, and invasion [48,49]. In addition, Liang et al. [50] showed that 

TRAF2 can induce tumorigenesis by activating the mTORC1 pathway and that its inhibition 

leads to reducing the growth and survival profile of liver cancer cells both in vitro and in vivo, 

categorizing TRAF2 as an interesting pharmacological target in cancer therapy. 

Crosstalks between the PI3K-AKT and Wnt/β-catenin signaling pathway can occur 

once phosphorylated AKT can lead to indirect and/or direct activation of β-catenin, promoting 

tumorigenesis and drug resistance [51,52]. Interestingly, based on our analysis, the molecular 

target NKD1 (Naked Cuticle Homolog 1) was also related to the Wnt/β-catenin signaling 

pathway after the treatment with MBZ. Several studies have shown that NKD1 can deplete 

cancer metastatic profiles by inhibiting the Wnt signaling pathway by preventing the β-catenin 

nuclear accumulation [53]. In GC, using target-miRNAs to inhibit the NKD1 expression 

enhanced the proliferation and invasiveness of GC cells, and the NKD1 overexpression showed 

the opposite effect  [54,55]. 

The MYC (also known as c-MYC) proto-oncogenes encode a family of transcription 

factors that are highly activated in many types of cancer. MYC acts as a regulator of multiple 

biological pathways, mediating its functions as a transcription factor by regulating the 

expression of thousands of genes, directly or indirectly [56]. MYC overexpression is observed 

in 40% - 77% of GC, being more observed in intestinal-type tumors and linked to a worse 

prognosis in patients with GC tumors [57–59].  

Remarkably, the GC cell line AGP-01 used in this study was established from an 

intestinal-type metastatic gastric adenocarcinoma. These cell lines were cytogenetically 

characterized with a high frequency of MYC amplification and other alterations typically found 

in GC patients [15,60,61]. Our previous results showed that MBZ decreased signals of MYC 

amplification and its mRNA and protein levels in AGP-01. The MYC inactivation was strongly 

related to MBZ cytotoxic potential against the GC intestinal-type cell line [13]. 

MYC regulates the Peter Pan (PPAN) gene and is a key ribosome biogenesis regulator. 

Studies showed that the knockdown of PPAN triggers nucleolar stress, culminating in intrinsic 

apoptosis and stimulating autophagy [62,63]. In addition, the inhibition of PPAN expression 

impaired tumoral growth and induced cell cycle arrest in G0/G1 and later in G2/M. Also, the 

genetic silencing stabilized the expression of p53 and induced CDNK1/p21 expression, leading 

to cellular death [64]. Hence, since it seems difficult to inhibit the activity of the MYC protein 

pharmacologically due to the lack of available binding sites, PPAN has experimentally 
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demonstrated to be a potential druggable target to treat or prevent tumorigenesis downstream 

targets of MYC in cancer [65].  

Recent studies have highlighted MBZ as a metabolic modulator in GC, initial data 

showed that MBZ can suppress glycolytic flow by reducing the mRNA expression and 

interacting with glycolic components, leading to a reduction in glucose uptake and ATP 

formation.  This initial suppression was linked to MBZ's antitumoral effect in the AGP-01 cell 

line [14]. Surprisingly, this study evidenced that MBZ can regulate the trifunctional enzyme 

methylenetetrahydrofolate dehydrogenase1 (MTHFD1), which acts in the cell cytoplasm and 

catalyzes three sequential reactions for the biosynthesis of thymidylate, methionine, and purine 

nucleotides, being essential for nucleotide synthesis and tumoral growth [66], this finding adds 

new shreds of evidence to the hypothesis that the drug MBZ act a metabolic modulator in 

different biosynthetic pathways in GC. In turn, Piskounova et al. [67] showed that the folate 

pathway depletion by the chemotherapy drug Methotrexate (MTX) or by MTHFD1 knockdown 

evidenced similar results by inhibiting tumor metastasis [11,14,68]. 

The analysis of the differentiated expressed genes showed that CCL2, IL1A, and 

CDKN1A genes were the top 3 ranked up-regulated ones after the MBZ treatment. In vitro 

mRNA analysis by qRT-PCR validated the transcriptome analyses, evidencing that these genes 

were upregulated in AGP-01 after the treatment with MBZ (Fig. 3A). 

The CCL2 gene transcribes chemokine ligand 2, but the function of this protein 

remains contradictory in cancer. Some studies indicate that high expression of CCL2 is 

associated with the initiation and progression of different types of cancer, including GC, having 

a non-favorable effect once the binding of CCL2 protein to its receptor, CCR2 (C-C chemokine 

receptor type 2), can activate tumor cell growth and proliferation, promoting migration and the 

recruitment of immunosuppressive cells into the tumor microenvironment, favoring cancer 

progression [69,70]. However, reports also show that CCL2 increases the antitumor capacity of 

specific immune cells, such as inflammatory monocytes and neutrophils, showing that the 

inflammatory state of the tumor may have a dual role in tumor development [71,72]. 

The IL1A gene plays a role in the transcription of interleukin 1α (IL-1α), an important 

cytokine known as alarmin, responsible for triggering and signaling an increase in the 

inflammatory response [73]. Like CCL2, IL-1α appears to have a dual role in tumor 

progression, as work shows that it triggers both pro-tumor and anti-tumor responses in different 

types of cancer [73]. Its antitumor role is related to the suppression of cell proliferation through 

binding with its receptors (IL-1R) on tumor cells, activation of T lymphocytes, Natural Killer 

(NK) cells, and dendritic cells as well as with the production of IL-12 [increasing the cytotoxic 
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activity of NK cells and T lymphocytes, inducing interferon-gamma (IFN-γ), TNF-α, among 

other pro-inflammatory molecules] and induction of apoptosis [74–80]. However, some studies 

with gastric specimens demonstrated a correlation between distant liver metastasis in GC 

patients with enhancement levels of IL-1α, highlighting the correlation between IL-1α 

expression and tumor progression and metastasis in GC [81]. Moreover, studies in mice 

showed that the up-regulation of IL-1α resulted in cell proliferation and acquisition of a pre-

malignant profile, leading to further dysplasia [82].  

Molecular signature analyses showed that treatment with MBZ in breast cancer (MCF-

7) and leukemia (HL60) cell lines led to increased expression of genes that were related to the 

activation of the M1 phenotype of monocytes/macrophages, which have phagocytic and 

antigen-presenting activity, as well as the ability to produce activating cytokines of T Helper 

Lymphocytic 1 (Th-1) and, therefore, mediate antitumor response. The study also demonstrated 

the expression of cytokines such as TNF, IL8 and IL6, IL-1β, surface markers (CD80 and 

CD86), and other chemokines, favoring the antitumor response [83]. Thus, collected data 

suggests that the MBZ can induce an antitumor response in immune system cells, favoring its 

cytotoxic profile against GC. 

The CDKN1A gene (Cyclin Dependent Kinase Inhibitor 1A), known as a tumor 

suppressor gene that transcribes for the p21 protein [84], was also found to be overexpressed 

after MBZ treatment in the gastric lineage AGP-01. This protein acts as a cell cycle regulator in 

the transition from the G1 to S phase. It can regulate tumor development by inducing G1 cell 

cycle arrest, thus decreasing the rate of tumor growth, cell proliferation, and differentiation 

[85,86]. Our group had shown previously that MBZ, in low concentrations, leads to G0/G1 cell 

cycle arrest in the AGP-01 cell line, being associated with its antitumoral mechanism [13]. 

The hypo-expression of p21 is well-reported in cancer. Some epigenetic modifications, 

such as methylation, can lead to CDKN1A gene silencing, which is related to a worse prognosis 

of patients with prostate and breast cancers and acute lymphoblastic leukemia (ALL) [87–89]. 

Interestingly, this study also showed that MBZ can alter PPAN expression. The PPAN genetic 

silencing induced the CDNK1/p21 expression [64], a similar effect attributed to MBZ 

treatment. Other studies have shown that the increase or the re-establishment of p21 expression 

can lead to the inhibition of tumor growth and increase the sensitivity of malignant cells to 

targeted chemotherapy drugs [90,91]. This evidence can point out MBZ as a promising new 

antitumoral drug. 

Otherwise, transcriptome analysis revealed the H3C7 (H3 histone cluster 7), H3C11 

(H3 histone cluster 11), and H1-5 (H1 histone linker 5) genes as the top-3 transcripts down-
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regulated after treatment with MBZ, which were validated by mRNA analysis (Fig. 3A). These 

genes encoding for histone proteins, and are linked to the DNA packaging processes in cells 

and can significantly control cellular transcription machinery and overall protein synthesis [92]. 

Studies have shown that the enhancement in transcript levels of these genes can assist in 

promoting cell transformation and the acquirement of a malignant phenotype, being related to 

the worst prognosis in different types of cancer [93–98]. 

Many epigenetic mechanisms can regulate chromatin packaging states, ranging from 

euchromatin (loosely compacted) to heterochromatin (highly compacted). Six epigenetic 

mechanisms that can alter the structure of chromatin have been described as 1) Nuclear 

dynamics; 2) DNA methylation; 3) Covalent modification of histones; 4) ATP-dependent 

chromatin remodeling complexes; 5) Histone variants; 6) Non-coding RNA (ncRNA), 

including microRNA (miRNA/miR) and long ncRNA (lncRNA) [99]. 

Moreover, benzimidazole derivatives have been shown to act as epigenetic regulators 

in cancer, being able to inhibit histone deacetylases (HDACs) and DNA methyltransferases 

(DNMTs) enzymes [100–104]. Studies have shown the interaction between miRNAs and their 

role in modifying the gene expression of oncogenes such as RAS, MYC, MYB, and ABL1 by 

altering their epigenetic status, favoring cancer development. Furthermore, miRNAs' 

downregulation of these genes has also proven to have an antitumoral effect [105–109]. 

Accordingly, MBZ proved to reduce mRNA expression or inhibit the same transcripts in 

different study models, showing that MBZ can act as an epigenetic modulator through different 

mechanisms and thus alter different cancer pathways [10,13,109–111]. However, more studies 

are needed to understand better the role of MBZ in altering the epigenetic machinery in cancer 

and its relationship with its antitumor activity. 

 

5 CONCLUSION 

 

Therefore, in this study, we evaluate the genes and molecular pathways modulated by 

MBZ in a metastatic GC line (AGP-01). Results showed that the top genes modulated by MBZ 

were CCL2, IL1A, CDKN1A, H3C7, H3C11, and H1-5, which had their mRNA expression 

validated by RT-qPCR.Gene set enrichment analysis (GSEA) identified 8 enriched pathways 

where NCOA6, PPAN, GINS1, TRAF2, MTHFD1, NKD1, and CYTH2 genes were correlated. 

We also found that the low expression of IL1A and the high expression of  H3C11, and H15 are 

related to a poor prognosis in patients with GC, being pharmacological potential targets of 

interest for MBZ therapeutics in the clinic. By using transcriptome analysis and validation in 
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GC models, this study helped us to comprehend the mechanism of action of MBZ better and 

evidenced new mechanisms of action related to epigenetic modulation and the immune 

system’s antitumor response, favoring MBZ cytotoxic potential, thus highlighting its potential 

as possible new chemotherapy in the treatment of GC. However, more studies are needed to 

understand better the role of MBZ in altering the epigenetic machinery and the immune 

system’s antitumor response with its antitumoral activity. 
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Supplementary Table 1. Hallmarks identified in the treated group by GSEA. 

HALLMARK SIZE ES NES NOM p-value FDR q-value FWER p-value RANK AT MAX 

Apical Surface 43 0.41 1.55 0.000 0.086 0.061 802 

MYC Targets V2 57 0.39 1.52 0.000 0.063 0.101 1024 

E2F Targets 196 0.34 1.43 0.000 0.159 0.319 1165 

Allograft Rejection 199 0.29 1.40 0.000 0.129 0.319 1931 

Xenobiotic Metabolism 198 0.27 1.35 0.000 0.170 0.507 3480 

WNT Beta Catenin Signaling 41 0.35 1.29 0.000 0.226 0.632 1293 

Mitotic Spindle 195 0.27 1.26 0.000 0.261 0.747 1507 

PI3K AKT mTOR Signaling 105 0.29 1.22 0.000 0.309 0.868 2480 

Pancreas Beta Cells 39 0.32 1.18 0.131 0.339 0.868 1130 

Unfolded Protein Response 110 0.26 1.17 0.078 0.341 0.868 880 

UV Response UP 154 0.27 1.16 0.208 0.357 0.921 1949 

TGF Beta Signaling 54 0.31 1.12 0.248 0.456 0.921 2045 

Reactive Oxygen Species Pathway 49 0.33 1.09 0.203 0.503 1.000 808 

G2M Checkpoint 197 0.26 1.09 0.073 0.474 1.000 1622 

Estrogen Response Late 198 0.22 1.07 0.233 0.485 1.000 2346 

Myogenesis 195 0.22 1.05 0.290 0.531 1.000 4611 

Peroxisome 103 0.28 1.02 0.410 0.563 1.000 1786 

Notch Signaling 31 0.28 1.01 0.398 0.573 1.000 1554 

Estrogen Response Early 197 0.21 1.01 0.205 0.549 1.000 2173 

Bile Acid Metabolism 112 0.23 1.00 0.425 0.546 1.000 2659 

Size: Number of genes in the gene set; ES: Enrichment Score; NES: Normalized Enrichment Score; NOM p-value: Nominal p value. FDR q-value: False Discovery 

Rate; FWER p-value: Familywise-error; RANK AT MAX: The position in the ranked list at which the maximum enrichment score occurred. 



 

 

CONSIDERAÇÕES FINAIS 

 

O estudo de novos alvos farmacológicos é imprescindível na busca de melhor compreender 

o mecanismo de ação do fármaco, moléculas reposicionadas para novas terapias possuem a 

vantagem de já possuírem estudos iniciais descrevendo sua toxicidade e seguridade, sendo 

necessário ainda descrever seu mecanismo farmacológico e as rotas associadas a sua ação na nova 

terapia avaliada. No CG o estudo de novas moléculas antitumorais e de novos alvos terapêuticos é 

imprescindível para fornecer novas opções aos pacientes não responsivos as terapias atuais, 

podendo melhorar sua probabilidade de cura. Nesse sentido, esse trabalho teve como objetivo a 

identificação de novos alvos do fármaco MBZ para a terapia do CG, levando a uma melhor 

compreensão do seu mecanismo de ação in vitro e do seu potencial reposicionamento terapêutico. 

Portanto, foi demonstrado que o MBZ possui atividade antitumoral proeminente nas 

linhagens tumorais gástricas, mais especificamente na linhagem metastática AGP-01. Dados ainda 

atestaram que o fármaco possui alta seletividade, sendo necessária uma concentração quase dez 

vezes superior desse para causar dano citotóxico em linhagens não tumorais. Em relação ao 

metabolismo tumoral, foi observado que o dano citotóxico e efeito antitumoral do fármaco estão 

relacionados a supressão da expressão de enzimas importantes para o metabolismo de glicose e de 

nucleotídeos, levando assim, a diminuição na produção enérgica celular e de moléculas importantes 

para a proliferação tumoral. 

O estudo do transcriptoma da linhagem AGP-01 após o tratamento com o fármaco MBZ 

destacou novos alvos moleculares de interesse clínico na terapia do CG. A alteração na expressão 

de genes relacionados expressão de histonas e de proteínas do sistema imune levaram a uma melhor 

visualização do perfil farmacológico do fármaco, além disso, o estudo destacou alvos como 

NCOA6, PPAN, GINS1, TRAF2, MTHFD1, NKD1 e CYTH2 que estão relacionados a diversas vias 

de sinalização tumoral, sendo alvos de interesse terapêutico para a terapia do CG. 

Portanto, o fármaco MBZ demonstrou potencial epigenético, levando a modulação de 

diferentes vias celulares no câncer, como as vias metabólicas que são essenciais para o crescimento 

e progressão tumoral. Além disso, também foi observada uma possível alteração na expressão 

gênica de transcritos relacionados a resposta antitumoral do sistema imunológico, podendo estar 

relacionado ao efeito citotóxico do MBZ. Ainda são necessários mais estudos para melhor elucidar 

seu efeito epigenético e imune, dando luz assim a novas possibilidades terapêuticas e possibilitando 

um aumento na probabilidade de cura aos pacientes com CG. 



 

 

 


